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Abstract 
 
Wavy type Single Chamber Solid Oxide Fuel Cells (SC-SOFCs) have 
been shown to be conducive to improving the effective electrochemical reaction 
area contributing to higher performance, compared with planar type SC-SOFCs 
of the same diameter. This study presents a fabrication process for wavy type 
SC-SOFCs with a single fabrication step via co-sintering of a triple-layer 
structure. The monitoring and observation of the curvature evolution of bi- and 
triple-layer structures during co-sintering has resulted in an improved process 
with reduced manufacturing time and effort, as regards the co-sintering process 
for multi-layer structures. Investigation using in-situ monitoring helps different 
shrinkage behaviours of each porous layer to minimise mismatched stresses 
along with avoidance of severe warping and cracking. In the co-sintering of the 
multi-layer structures, the induced in-plane stresses contribute to curvature 
evolution in the structure, which can be utilised in the design of a curved multi-
layer structure via the co-sintering process. 
For intermediate temperature SOFCs, the materials used are NiO/CGO 
for anode; CGO for electrolyte; and LSCF for cathode. These materials are 
tape-casted with 20µm thickness and assembled for bi- and triple-layer 
structures by hot pressing. Sintering mismatch stresses have been analysed in 
bi-layer structures, consisting of NiO/CGO-CGO and CGO-LSCF. The 
maximum sintering mismatch stress was calculated at interface of bi-layer 
structure in the top layer.  In order to achieve the desired wavy type triple-layer 
structure, flexible green layers of each component were stacked up and laid on 
alumina rods to support the curvature during the process. In-situ observation, to 
monitor the shrinkage of each material and the curvature evolution of the 
structures, was performed using a long focus microscope (Infinity K-2). With 
these values, the main factors such as viscosity, shrinkage rate of each 
material, and curvature rate are investigated to determine the sintering 
mismatch stresses. This enables the prediction of curvature for triple-layer 
structure and the prediction is validated by in-situ monitoring of the triple-layer 
structure co-sintering process. Zero-deflection condition is confirmed to 
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maintain initial shape during co-sintering and helps to minimise the 
development of undesired curvature in the triple-layer structure.  
Performance testing of the wavy cell was carried out in a methane-air 
mixture (CH4:O2 =1:1). In comparison with a planar SC-SOFC, it showed 
higher OCV which might be attributed to not only macro deformation, but also 
microstructural distribution affecting the effective gas diffusion paths and 
electrochemical active sites.  
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Chapter 1  
Introduction 
 
 
1.1 Significance of Research 
 
Solid Oxide Fuel Cells (SOFCs) have received much attention as a next-
generation alternative energy device. SOFCs offer the advantages of highly 
efficient and non-polluting electricity generation. In recent years, rapid progress 
has been made on fabrication methods, materials and applications of SOFCs, 
such as sensors and secondary energy systems [1-6]. Their high operating 
temperature generates various problems regarding reliability and stability in 
long-term operation. Much research has recently been devoted to investigating 
the possibility of lowering the operation temperature range. Doing so would 
result in a scaling down of fuel cell systems, due to lack of auxiliaries, as well as 
a reduction of SOFCs fabrication costs by the use of cost effective structures 
[7-11]. In spite of these efforts, many of the problems remain unaddressed. This 
is particularly the case pertaining to the issues of mechanical and thermal 
stresses, which can be mainly attributed to the mismatch in thermal expansion 
coefficients (TEC) between each layer with respect to other layers/components, 
inducing a low level performance of and a decrease in stability of fuel cell 
systems [12]. Although complicated fabrication processes with multi-
composition mixtures can be applied both to improve cell performance and to 
enhance electrical and mechanical properties, these may be time-consuming 
and costly [13].  
The composition of SOFCs generally consists of three layers: anode, 
electrolyte and cathode layers. The electrolyte materials used in SOFCs tend to 
become active ionically and non-active electronically at their operating 
temperatures, from 500°C to 1000°C. During cell operation, oxygen gas 
converts into oxygen ions at the cathode. These ions then diffuse through a 
Chapter 1 Introduction 
 
Loughborough University 2 
 
solid electrolyte to the anode, where the reaction between the diffused oxygen 
ions and the supplied hydrogen takes place to produce water as well as heat 
and electricity. In this reaction, vacant oxygen lattice sites in the electrolyte 
layer act as charge carriers. At the anode layer which the oxidation of the fuel 
occurs, hydrogen and oxygen ions (Oox) are converted into H2O, oxygen 
vacancies (Vo••) and electrons (e-), given by: 
 
ܪଶ +	 ௢ܱ
௫ 	→ 	ܪଶO+	 ௢ܸ
•• + 2݁ି																																											(1.1) 
 
 The reduction of oxygen occurs at the cathode layer, consuming the 
electrons which come through an external circuit from the anode. By the 
immigration of oxygen from the gas phase at the cathode, oxygen vacancies 
are removed consuming a pair of electrons, which leads to the formation of 
oxygen ions. 
 
1
2
ܱଶ + 2݁ି +	 ௢ܸ
•• →	 ௢ܱ
௫ 																																																				(1.2) 
 
 From the sum of reaction (1.1) at the anode and (1.2) at the cathode in 
Figure 1.1, the fundamental reaction process for energy conversion can be 
confirmed showing hydrogen reaction with water as the product: 
 
ܪଶ +	
1
2
ܱଶ →	ܪଶܱ																																																											(1.3) 
 
 
 
Figure 1.1 Scheme of a SOFC operated H2 and O2 
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Structural types of SOFCs can principally be divided into Dual Chamber 
SOFCs (DC-SOFCs) and Single Chamber SOFCs (SC-SOFCs), as shown in 
Figure 1.2. In DC-SOFCs, fuel gas and air have to be supplied to the respective 
electrodes through two separate chamber inlet pipes (or tubes) so as to prevent 
two reactant gases from mixing together during operation [14]. The necessity 
for separation of gas supplies leads to complex manifolds, followed by 
complicate stack assembly process. Complicated structures restrict possibilities 
of downsizing of the cell; in addition, they could incur stacking complications 
and may pose serious constraints on manufacturing methods and choice of 
materials. Figure 1.3 (a) shows a planar type DC-SOFC, whereby the 
components of a single planar cell assembly (consisting of anode, electrolyte 
and cathode layers) are located between two interconnectors, and repeatedly 
stacked for the requisite levels of power and performance. An alternative to the 
planar structure is the tubular type DC-SOFC, shown in Figure 1.3 (b). This 
type of cell is created by fabricating a hollow tubular structure for the anode, 
which is then consequently coated with electrolyte and cathode layers. 
 
  
(a) DC-SOFC (b) SC-SOFC 
Figure 1.2 Compositions of (a) DC-SOFC and (b) SC-SOFC 
 
SC-SOFCs consist of only one gas chamber, wherein the anode and 
cathode layer will react with the gas mixture at the same time [15-17]. This 
simplified design, shown in Figure 1.2(b), offers the possibility to reduce stack 
components, removing the need for gas tight sealing that is a difficult problem 
for DC-SOFCs during their operations. In addition, SC-SOFCs permit greater 
variations in geometry types that preclude conventional fuel cell designs, which 
are limited to planar and tubular structures. Although SC-SOFCs have plenty of 
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economic advantages, such as simpler structures and assembly, with no 
separation of gas supply, and various geometries, the performance of the cell is 
known to be significantly lower relative to that of DC-SOFCs. Contrary to the 
DC-SOFCs, the nature of SC-SOFC means that the gas mixture flows through 
the whole structure, which in turn imposes difficulty in simultaneously achieving 
high performance and cell stability [18].  
In order to improve performance of SC-SOFCs, it is essential to increase 
the length of the triple phase boundary (TPB), where the electrochemical 
reaction occurs. As the reaction takes place where electrolyte, electrode and 
gas phase at TPB, this research focuses on fabrication of wavy type SC-
SOFCs using co-sintering in which the electrolyte and two electrodes are 
sintered during the same heat treatment, contributing to enhancement of the 
effective electrochemical reaction area in the unit chamber diameter for 
improved performance as compared to that of planar SC-SOFCs. Some 
researchers suggested the use of porous electrolyte layer to take advantage of 
both the gas flow and electrochemical performance of the cell [19, 20]. The 
results indicated that a porous ion-conducting membrane provides sufficient 
separation of oxygen activity at the electrodes by selection of optimum 
operation temperature and gas flow rate. Thereby, SC-SOFCs with a porous 
electrolyte structure provide opportunities to design thermally and mechanically 
more robust stacks by utilizing hydrocarbon fuels. It also allows for processing 
the cells at lower temperatures using conventional processing techniques. 
 
 
 
(a) Planar type (b) Tubular type 
Figure 1.3 Type of DC-SOFCs: (a) planar type and (b) tubular type [21, 22] 
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1.2 Motivation and Goals 
 
The goal of this work is to develop a novel design and fabrication method 
for wavy type SC-SOFCs. It is to be achieved by in-situ monitoring of curvature 
evolution derived from different sintering behaviours of layers during the co-
sintering of the multilayer structure. In order to safely apply the SOFCs to 
portable/subsidiary devices, it is necessary not only to fabricate small structures 
with higher performance, but also to reduce operating temperatures. For this 
purpose, the use of mixture gas in SC-SOFCs allows for a simple system 
without complex manifolds and curved-shape influences to enlarge the effective 
electrochemical reaction area. This contributes to higher performance as 
compared to planar types in the unit diameter terms. In addition, materials for 
intermediate temperature operation should help to improve cell stability during 
long-term operation.  
Another goal of this research is to investigate, via in-situ experimental 
observation, curvature evolution of the multilayer structure during co-sintering. 
Although the co-sintering process contributes to saving time and effort in the 
fabrication of the cell, curvature evolution induced by the mismatch of sintering 
behaviours in a multi-layer structure causes physical problems, like cracks or 
delamination. Generally, conventional fabrication allows the co-sintering of bi-
layer structures consisting of the anode and electrolyte layer, so as to avoid any 
defects during the process [23, 24]. In the co-sintering of multi-layer structures, 
different shrinkage behaviour between layers is significant in determining 
curvature evolutions. In the co-sintering of multi-layer structures for planar type 
SOFCs, a loading plate was applied on the multi-layer structure during co-
sintering to prevent the structure from developing undesired curvatures [25]. 
This method presents difficulties in practically figuring out the necessary weight 
in order to complete a crack-free sintering process. The weight is a dependant 
factor for the viscosity of the sintering material, and the viscosity is function of 
the sintering temperature profile where the sintering temperature profile is a 
function of time. Therefore the adequate weight for the suppressing method for 
effective crack-free co-sintering is not fixed, but varies throughout the sintering 
process. Hence, determining the correct weight is not a straightforward method, 
but often requires a number of iterative trials. Some researchers have used in-
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situ curvature analysis using a profilometer or an optical dilatometer, so as to 
find the level of curvature evolution during co-sintering [26, 27]. In this study, 
the adjustment of particle size along with in-situ observation was applied to 
harmonise sintering behaviours between layers and reduce undesired 
curvatures at the final stage of the co-sintering process. A cathode material 
having larger particles was expected to increase sintering temperature, closer 
to the sintering temperature of the anode and electrolyte material. To allow the 
co-sintering of the triple-layer structure in a zero-deflection condition without a 
loading plate, in-situ monitoring can be used to analyse the deformation of the 
structure during the process. In addition, 3D deformation process from initially 
flat laminated structure is investigated to obtain a wavy structure finally. The 
results help to confirm the efficacy of the process and contribute to a successful 
fabrication process for a wavy structure to be achieved. 
 
 
 
(a) flow-by type (b) flow-through type 
Figure 1.4 Type of SC-SOFC: (a) flow-by type and (b) flow-through type 
 
The SC-SOFCs are commonly classified by gas flow direction, as flow-
by type, Figure 1.4 (a), and flow-through type, Figure 1.4 (b). This research is 
concerned with the flow-through type SC-SOFC, in which the gas mixture can 
penetrate each layer. This is because the whole layer of the cell consists of a 
porous structure that can play the role of gas path as shown in Figure 1.4 (b) 
[28, 29]. As the gas mixture flows through the cell layers, fuel gas reacts in the 
anode layer for an oxidation process, while oxygen gas from the air reacts in 
the cathode layer for a reduction process. Through this, it is expected to 
enhance fuel utilisation rates and reduce mass transport loss, hence achieving 
better performance over the flow-by type SC-SOFC [30]. Furthermore, the 
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elongated effective electrochemical reaction area of the wavy type SC-SOFC is 
expected to help advancing the sum of total electrochemical reactions, hence 
delivering higher output.  
Regarding the fabrication method for curved structures, a tape-casting 
method has been employed to prepare green layers, due to its advantage of 
being easy to produce each layer with variable thicknesses. The tape-casted 
layers are then piled up and being hot pressed in order to form multi-layer 
structure. The hot pressed structures are used for the SC-SOFC fabrications 
and related sintering research.  
 In-situ monitoring helps to capture the curvature deformation of the 
structure derived from internal stress between materials, and a zero-deflection1 
condition can be discovered so as to be applicable for fabrication of wavy type 
SC-SOFC. As the manufacturing process of this study suggests a simpler and 
easier method than the conventional method, it is expected to achieve a 
reduction in fabrication cost, production time, and energy consumption, along 
with higher performance of the SC-SOFC. The wavy structure has a larger 
effective electrochemical reaction area than a planar structure, as compared to 
the planar type for the same chamber cross sectional area [31]. Higher 
electrochemical reaction area in the same diameter contributes to enhanced 
conversion capacity, and so improves the fuel utilisation, which possibly leads 
to a higher cell performance [32]. 
 
 
 
 
 
 
 
 
 
                                            
1 A zero-deflection condition in this study is defined as the sintering condition 
that retains the initial green body’s shape upon completion of the sintering 
process. The shape might change during the process, but will restore the initial 
shape by the time the process finishes. 
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1.3 Research Objectives 
 
The objectives of this research are firstly to investigate the sintering 
properties of the materials selected to fabricate a wavy SC-SOFC that will be 
operated in the intermediate temperature region, i.e. 500°C ~ 600°C. 
The strategy applied in the present study is to measure the shrinkage 
rate and the uniaxial viscosity of the specimens by monitoring the resulting 
curvature development of the sintering layers. Therefore it is necessary to 
establish the free sintering and vertical sintering using single layer specimens. 
Prepared specimens are being sintered under free shrinkage conditions or 
under vertical shrinkage conditions in order to measure shrinkage and 
shrinkage rates along with their densities. These results are used for calculation 
of the uniaxial viscosities from difference of shrinkage rate between free and 
vertical sintering. Secondly, the curvature evolutions of the multilayer structure 
are observed via the in-situ observation system, where conclusions are drawn 
based on differing sintering behaviour of different materials during co-sintering. 
Based on the materials’ uniaxial viscosity and curvature evolution monitoring 
result, particularly monitoring of the bi-layer structures, curvature evolution of a 
triple-layer structure is predicted. The predicted curvatures are then compared 
with measured curvatures from the experimental observations. A zero-
deflection sintering condition is determined through in-situ curvature monitoring 
of the bi- and triple-layer structures plus the dedicated analysis of the curvature 
evolution patterns from them. The zero-deflection sintering condition is then 
applied for a fabrication of a wavy triple-layer structure. A specific wavy shape 
sintering condition is that the planar triple-layer structure is placed on pre-
arranged supporters that will help shaping the structure into a wavy shape 
during a debinding process, after which the wavy formed structure will be 
sintering via the zero-deflection condition, so the shape will be retained upon 
the completion of the sintering process. Finally, the suggested wavy shape 
sintering condition will be applied to fabricate a wavy type SC-SOFC through a 
co-sintering process of a multilayer structure, followed by performance tests for 
a comparison between the wavy type cells and the planar type cells. 
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Objective 1 ─ Understanding of the material properties 
 
In order to understand the sintering behaviour and properties of the 
materials such as shrinkage, density and uniaxial viscosity during heat 
treatments, free shrinkage sintering conditions and vertical shrinkage sintering 
conditions are applied, so called free sintering and vertical sintering respectively. 
By in-situ observation, shrinkage measurement of the single layer specimen is 
carried out, followed by calculation of shrinkage rate and density. The sintering 
temperature can be changed in accordance with the initial condition of the 
material. The sintering temperature of the anode and electrolyte materials is 
generally higher than that of the cathode materials. It is therefore, necessary to 
manipulate the materials’ green layer conditions in order to co-sinter them all 
together and to achieve a balanced final density. The employed method to 
obtain the harmonised co-sintering temperature for this study is using coarse 
green particles for the cathode material, so that its sinterability can be 
deteriorated to match to that of anode and electrolyte materials. Further, 
properties such as sintering temperature, porosity, permeability and density 
should be studied to identify how these influence shrinkage behaviour during 
the sintering processes. A number of studies have reported that a ceramic layer 
with a large pore size accommodates the gases flowing through it, while 
resisting deformation of the layers, since the large pores lessen the stress upon 
the layers [33-35]. Since the sintering is a densification process of the material, 
it is essential to confirm uniaxial viscosity of the material at specific 
temperatures, since this contributes to stiffness and structural flexibility for 
curvature evolutions during co-sintering processes.  
 
 
Objective 2 — In-situ monitoring of curvature evolutions during the co-
sintering 
 
The curvature evolutions of the multilayer structure are investigated via 
experimental in-situ observations during the co-sintering process. During the 
process, features of each ceramic layer are reflected in the interaction of layers 
as deformations occur. Therefore, it is necessary to monitor the dimensional 
Chapter 1 Introduction 
 
Loughborough University 10 
 
change of the structure along with the temperature profile. The variables for the 
specimens are either variable total thicknesses with a fixed thickness ratio, or 
variable thickness ratios with a fixed total thickness. The experimental curvature 
results are analysed based on how these factors affect curvature evolution 
during co-sintering and compared with theoretical models. Based on these 
results, a zero-deflection condition is confirmed and applied to the fabrication of 
a wavy type SC-SOFC via a single co-sintering process. 
 
 
Objective 3 ─ Co-sintering temperature and wavy cell fabrication 
 
Conventional methods have proven to fabricate only anode and 
electrolyte through the bi-layer co-sintering process followed by a cathode 
fabrication [36, 37]. However, the proposed approach in this study aims to 
sinter all three ceramic layers — i.e. anode, electrolyte and cathode —
simultaneously. For a novel design of the SC-SOFCs, in-situ monitoring 
research provides the zero-deflection condition that will enable to fabricate a 
single cell or a stack via a single co-sintering process. As such the co-sintering 
process requires the harmonisation of the sintering temperature of all three 
layers, means reducing the sintering temperature of the anode and electrolyte 
material whilst increasing the sintering temperature of the cathode material. 
One of the possible solutions is to use mismatched powder particles in order to 
manipulate the powders’ sintering abilities. Carefully selected green powder 
particle sizes will match the densification behaviours at a narrow range of 
sintering temperature for a successful co-sintering of all the three layers. It is 
well known that smaller powder particles can be sintered at a lower sintering 
temperature range due to their higher sinterability [38] and can reduce 
possibility of third phase material formation at an interface of electrolyte layer 
and cathode layer [39]. 
Two sets of flat multi-layer structures, consisting of green tape-casting 
layers for cell’s three components, are prepared. One set is placed on alumina 
rods for wavy shaping during a debinding process, and another is placed on a 
flat substrate. Both sets are then sintering under the same zero-deflection 
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condition, and a wavy SC-SOFC and a planar SC-SOFC are fabricated. Once 
the wavy & planar SC-SOFCs were fabricated via the co-sintering processes, 
the cells were operated in a specially designed SC-SOFC test rig, and the 
output of each cell was measured and compared. 
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1.4 Thesis Overview 
 
This thesis presents the development of fabrication process for wavy 
type SC-SOFCs with a single fabrication step, namely the co-sintering of a 
porous multi-layer structure. Compared with planar cells, wavy type cells are 
believed to increase the area of effective electrochemical reaction related with 
Triple Phase Boundary (TPB) sites during the operation, so are expected to 
deliver increased performance. In addition, the triple-layer co-sintering process 
can bring benefits in reduced production time, effort, and energy. 
This thesis is organised according to the following scheme. The current 
chapter (Chapter 1) provides a brief introduction into the research topic and a 
statement of the motivation and objectives of the research. This introduces the 
need to develop a novel fabrication process for wavy SC-SOFCs and the 
background of the problems arisen from the conventional SC-SOFCs. In 
Chapter 2, a theoretical framework of the research area is described through a 
survey of the literature on the co-sintering of porous structures. The details of 
the experimental procedures carried out in this work can be found in Chapter 3. 
The results and discussion are divided into four chapters. Chapter 4 explains 
how the uniaxial viscosity of each material was determined. In Chapter 5, the 
curvature evolution of bi-layer structures via in-situ monitoring is presented. The 
results enable the prediction of curvature for a triple-layer structure and the 
prediction is validated by in-situ monitoring of the triple-layer structure co-
sintering in Chapter 6. A zero deflection condition is confirmed through the in-
situ monitoring of the triple-layer structures and the fabrication process of wavy 
type SC-SOFCs using the zero deflection condition is presented in Chapter 7. 
Also, this chapter contains the results of microstructural analysis and 
performance comparison, compared to the planar SC-SOFC. This study is 
finally concluded in Chapter 8 where findings obtained from this study are 
emphasized. Some possible future work is also presented. 
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1.5 Summary 
 
This introduction chapter acknowledges the need to develop a novel co-
sintering process for wavy type SC-SOFC fabrications. Common SC-SOFCs 
may satisfy requirements of the reducing manifolds and miniaturisation, but 
show limited applicability due to their poor performance. A wavy SC-SOFC 
fabricated via a single step co-sintering process is expected to deliver higher 
effective electrochemical reaction area enhancing the cell performance. The 
aims and objectives of this research are outlined, followed by a structure outline 
of this thesis. The developed novel fabrication process for wavy type SC-
SOFCs has the potential of opening up many new SOFC technologies 
applications and opportunities in the field of fuel cell manufacturing 
technologies. 
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Chapter 2  
Literature Review 
 
 
2.1 Sintering Process 
 
Ceramic components are being produced using its powders at a high 
temperature for shape forming, and the enhancement of properties such as 
strength and conductivity. This is called sintering, and consists in the fabrication 
of objects with high density through heat-treatment [1]. During the sintering 
process, ceramic powders are heated to a temperature that matter transfer 
across grain boundaries by diffusion is highly active, fusing the particles 
together and thereby producing a consolidated body. It is well known that 
sintering is an effective method for forming powders of ceramic raw materials 
into complex shapes. 
Through understanding the ways in which the sintering variables 
influence the microstructural evolution, it is possible to achieve the fabrication of 
ceramic structures with the required properties such as porosity, microstructure, 
mechanical properties, etc. Microstructural evolutions are related to influential 
factors such as grain size, initial density, temperature and distribution of other 
phases including pores. It is known that the main factors that determine 
sinterability and the microstructure can be classified into two parts; material 
properties on the one hand, and variables for the heat treatment process on 
another [2-4]. The factors which affect the densification and grain growth of 
ceramic materials during the sintering process are related with the properties 
such as chemical composition, size, shape, and size distribution of powder and 
degree of powder agglomeration [5]. The variables of the heat treatment 
process include factors such as temperature, holding time, pressure, heating 
and cooling rates. These all influence the sintering behaviour of the ceramic 
material.  
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2.2 The Sintering Mechanism 
 
Like other irreversible processes, the sintering process is accompanied 
by a lowering of the free energy of the system, based on matter transport 
derived from diffusion of atoms, ions, or other charged species [6]. It has been 
generally known that the reduction of the surface free energy, derived from the 
elimination of internal surface area, contributes to the sintering process. The 
driving force for densification during sintering is a change in free energy, like 
the decrease in surface area and lowering of the surface free energy by the 
replacement of solid-vapour interfaces. As this process is achieved by material 
transport from regions of high energy to regions of lower energy, the 
parameters such as surfaces, interfaces, and grain boundaries have been 
related with energies which depend on surface or boundary curvature during 
sintering. Therefore, the overall energy of the material can be reduced by 
eliminating these surfaces or by minimising the curvature during the process. 
Various influential factors, such as the curvature of the particle surfaces, 
externally applied pressure and chemical reactions, provide the main motivation 
for the sintering process to occur. As surface curvature of a particle is inversely 
proportional to the surface area of the system of particles, the surface free 
energy associated with the system of particles by a product of the specific 
surface energy and the surface area can be influenced to be activated 
depending on the curvature of a particle. Assuming that an effective stress on 
the atoms under the surface is influenced by the specific energy and curvature 
of the particle surfaces, this stress is given by: 
 
σ =	ߛ௥௦ 	൬
1
ݎଵ
+	
1
ݎଶ
൰																																																	(2.1) 
 
where principal radii of curvature are ݎଵ and ݎଶ for a curved surface, and the 
specific surface energy is ߛ௥௦. With the diffusion potential, μ, the equation for μ 
is commonly used: 
 
μ = 	σ	Ω																																																										(2.2) 
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where Ω is the atomic or molar volume. For ceramic materials where the pores 
are in contact with the grain boundaries, this equation is more complex. 
Assuming that pores are spherical in the final stage of sintering, Raj [7] 
proposed the diffusion equation given by: 
 
μ = 	Ω	 ൬
2ߛ௚௕
ܩ
+	
2ߛ௦௩
ݎ
൰																																													(2.3) 
 
where ߛ௚௕ is the specific energy of the grain boundary, G is the diameter of the 
grains, and r is the radius of the pores. In this case, the conditions of the pores 
and boundaries are related with the diffusion potential during sintering. 
Although surface curvature contributes to the driving force, its influence 
is much smaller than that provided by external pressure. Applied pressure can 
be useful through hot pressing and hot isostatic pressing [8]. A chemical 
reaction that aids densification occurs during the sintering process. 
From the viewpoint of atomic diffusion, it is known that there are six 
common mechanisms. These are surface diffusion; vapour transport 
(evaporation/condensation); lattice diffusion from surface; grain boundary 
diffusion; lattice diffusion from grain boundary, and plastic flow as shown in 
Figure 2.1. Not all of these factors participate in the densification process during 
sintering. Even though these six mechanisms lead to bonding and the growth of 
necks between particles — thereby increasing the strength of the material 
compact during sintering — only certain mechanisms can participate in 
shrinkage and densification. The distinction is mainly drawn between 
densification and non-densification mechanisms. Among them, surface diffusion, 
vapour transport and lattice diffusion from the particle surfaces to the neck can 
cause neck growth and coarsening of particles without densification occurring 
during sintering. On the other hand, densification mechanisms such as grain 
boundary diffusion, lattice diffusion from the grain boundary to the neck, and 
plastic flow can lead not only to neck growth but also to densification. When the 
non-densification mechanisms dominate during the sintering process, 
coarsening causes the production of a porous structure, while a dense structure 
can be fabricated when the densification mechanisms dominate. 
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             •   Surface diffusion: Diffusion of atoms along the surface of a particle 
             •   Vapour transport: Evaporation of atoms which condense on a different surface 
             •   Lattice diffusion from surface: Atoms from surface diffuse through lattice 
             •   Grain boundary diffusion: Atoms diffuse along grain boundary 
             •   Lattice diffusion from grain boundary: Atoms from grain boundary diffuses through lattice 
             •   Plastic flow: Dislocation motion causes flow of matter 
Figure 2.1 Sintering mechanism derived from diffusion of atoms [6] 
 
In the ceramic sintering process, grain boundary diffusion and lattice 
diffusion are particularly important mechanisms for densification. Generally, 
sintering normally occurs in three sequential stages [9, 10]. The initial stage 
consists of neck contacts between particles by a diffusion process. The initial 
difference of surface curvatures between particles is removed at this stage, and 
neck growth for the densification mechanisms is accompanied by the first few 
per cent of shrinkage.  It is well known that a linear shrinkage of 3% ~ 5% 
occurs for a powder system with an initial density of 50% ~ 60% of the 
theoretical density (TD).  In the intermediate stage of sintering, the pores have 
reached their equilibrium shape and are interconnected with each other. 
Densification is assumed to occur through the pores simply shrinking, thus 
reducing their cross section. Here the density of powdered material increases 
dramatically with grain growth. The intermediate stage generally involves the 
main part of the sintering process, up until the TD reaches a value of 90%. The 
final stage begins when the connections of pores pinch off and the pores 
become isolated from each other at the grain corners. In other words, the pores 
are presumed to shrink continuously and may almost disappear. This mainly 
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begins when the density of a compact reaches above 90% TD. This is followed 
by a rapid decrease in the densification rate. 
As various sintering mechanisms occur together, they might lead to 
coarsening of the microstructure (including grain growth and pore growth) and a 
reduction of the sintering force, contributing to a significant reduction of the 
densification rate. Under a competition between densification and coarsening, 
the sintering condition would be chosen as shown in Figure 2.2. It is known that 
pore growth is driven by both grain growth and densification during sintering 
and is affected by the properties of powder compacts [11]. Though grain growth 
and densification take place at the same time, grain growth leads to size 
proportional pore agglomeration while densification results in pore shrinkage or 
the decrease of the size ratio of pores to grains. For the production of ceramics 
with high density, the process would require the condition which the 
densification mechanisms are very active during sintering. On the other hand, 
the production of a highly porous ceramics would be obtained under the 
condition which coarsening mechanisms dominate. 
 
 
Figure 2.2 Densification and Coarsening during sintering 
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2.3 Sintering type 
 
Free sintering 
 
In a sintering process, shrinkage behaviour of green body depends on 
experimental conditions such as green density, sintering temperature profile, 
thickness of green body, etc. Sintering of a freestanding body can be carried 
out at its sintering temperature without application of any external constrains 
that may influence its natural shrinkage behaviour, in order to achieve a uniform 
shrinkage rate [12, 13]. Figure 2.3 shows schematically diffusional change 
before and after the sintering process. In this case, only one dimension needs 
to be monitored in order to obtain the overall volumetric changes. As a result, 
the diffusion of atoms — as well as the reaction between particles during 
sintering — can lead to shrinkage of the dimension of the sample in all three 
directions; D, L, W in Figure 2.3. Prior to reaching the main part of the sintering 
process, additives such as binders are already eliminated as part of a burnout 
step, in the so-called debinding process. Subsequently, the particles in the 
ceramic sample are rapidly activated with neck growth and pore removal. It is 
difficult to say where the activation range of the specimen lies between the 
initial and the final condition during the sintering process. That is because the 
activating area for densification varies according to the initial properties, even if 
the identical ceramic powders are used for the same process. After completing 
all heat treatment, including cooling down to room temperature, the dimension 
of the ceramic sample has shrunk in all directions as an isotropic sintered 
material.  
 
  
Before Sintering After sintering 
Figure 2.3 Dimensional changes in a freestanding ceramic material undergoing 
isotropic shrinkage 
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Constrained sintering 
 
The idea of constrained sintering has been a point of interest due to the 
ceramic industry’s need for an accurate control of shrinkage, so as to maintain 
the required tolerance of the final product [14, 15]. For a constrained film, a 
green layer is usually deposited on a relatively rigid substrate prior to a sintering 
process. A dominant shrinkage of the ceramic green layer occurs in its 
thickness direction during the sintering process, whilst the shrinkage in in-plane 
directions (X-Y directions) is constrained by the substrate. To sum up the 
distinction between a free sintering and a constrained sintering, a free sintering 
can be claimed that the ceramic green body normally shrinks in three 
dimensions during the process, whereas the green body on a rigid substrate 
accompanies almost zero shrinkage to in-plane directions. Thus, only thickness 
direction shrinkage is allowed during the constrained sintering. Figure 2.4 
shows a schematic diagram for a constrained sintering process.  
As lateral constraint imposed by a rigid substrate allows shrinkage only 
in the direction perpendicular to the film, the imposed constraint induces in-
plane stress contributing to acceleration of the shrinkage in its thickness 
direction. In constrained sintering, it can be said that the stress in the x-direction 
is equivalent to that in the y-direction and that the sintering kinetic (or strain) in 
the x-y direction is constant to zero. It is also well known that film thickness 
influences the viscosity and the sintering stress of the film, since the grain size 
is comparable to the thickness of a thin film. As compared to free sintering, not 
only grain growth but also densification can be considerably retarded due to the 
constraint condition. 
  
  
Before sintering After sintering 
Figure 2.4 Schematic of the shrinkage of a film constrained on a substrate 
undergoing constrained sintering 
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Co-sintering 
 
For the sintering of multilayer structures, a co-sintering process can be 
applied in order to achieve a sintered object via a single sintering process [16, 
17]. Green layers are usually prepared by a tape casting method and then 
laminated together through a hot pressing method. The co-sintering process 
helps in reducing repeated sintering processes for fabricating a multilayer 
structure. However, when several porous green layers are sintered altogether 
as a whole, both the sintering kinetics and curvature evolutions of the layers are 
very important. In addition, stresses may be induced due to a mismatch of 
sintering kinetic between individual layers. These stresses at the interfacial 
surface between layers can lead to curvature development, non-uniform 
shrinkage, or even mechanical defects like cracking and delamination. In order 
to avoid the occurrence of these undesired behaviours, sintering behaviours of 
each layer should be understood so that level of induced stresses can be 
controlled within the allowable range. The layer configuration of the multilayer 
structure also plays an important role throughout the process for determining 
the allowable range for the stresses. As shown in Figure 2.5, a co-sintering 
process of multilayer structures is accompanied by in-plane stresses as well as 
shrinkages at the same time. This sintering method is widely used in the field of 
multilayer low temperature co-sintered ceramics (LTCC) for planar sensors, fuel 
cells and batteries [18, 19]. 
 
 
 
Before co-sintering After co-sintering 
Figure 2.5 Schematic of shrinkage in a bi-layer structure during co-sintering 
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2.4 Elastic-viscous analogy in theoretical/experimental 
approaches 
 
During free sintering of ceramics and metal power compacts, the 
mechanical driving force for shrinkage is generally referred to as sintering 
stress. This sintering stress is the combined action of the inherent stress 
derived from the existence of porosity in a powder compact. It is well known 
that the stress is a function of the powder compact geometry, powder particle 
size, shape, packing and the distribution and evolution of these properties [20, 
21]. Also, it is an important quantity that enables the macroscopic component of 
shrinkage and dimensional changes during sintering. In contrast to the meaning 
of sintering stress, compressive or tensile stress in bi- or multilayer structures is 
referred to as induced stresses when the structure is treated in a constrained- 
or co-sintering process [22]. Experimentally measuring the stress of a multilayer 
structure is difficult, and any changes in powder or compact characteristics 
require numerous and tedious experiments. Although many analytical 
formulations have been conceived for measuring stress in multilayer structures, 
many researchers have used Stoney formula, Equation (2.4), and Extensions of 
Stoney formula for relations between the thin-film stresses and substrate 
curvatures [23-25]. And the stress (ߪ௙) of the film is given by: 
 
ߪ௙ =	
ܧ௦ℎ௦
ଶߢ
6ℎ௙(1 − ߥ௦)
																																																								(2.4) 
 
In the above, the subscripts “f” and “s” denote the thin film and substrate, 
respectively. ܧ  is the Young’s modulus, ߥ  is the Poisson’s ratio, ߢ  is the 
curvature of the structure, and ℎ is the thickness. Stoney’s formula for a bi-layer 
structure involves the following assumptions: 
 
i) Both the film thickness and substrate thickness are uniform, the film 
and substrate have the same radius, extremely small compared with 
radius of curvature 
ii) The strains and rotations of the plate system are infinitesimal 
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iii) Both the film and substrate are homogeneous, isotropic and linearly 
elastic 
iv) The film stress are in-plane isotropic or equibiaxial while the thickness 
direction stress and all shear stresses are removed 
v) The components of curvature in the bi-layer structure are equibiaxial 
while the twist curvature vanishes in all directions 
vi) All stresses and curvature components are spatially constant over the 
surface of the plate system 
 
Under the assumptions, it is difficult to figure out the curvature evolutions in 
various conditions such as the non-uniformity of the stresses, the tri-
dimensionality and the boundary conditions of the samples. These conditions 
might give rise to empirical modifications and more elaborated models including 
local dependence to stress distribution [26-28]. Experimentally, as the thickness 
is not constant and in-plane stresses are variant during co-sintering, the co-
sintering of the multi-layer structures in this study does not meet the 
requirements proposed by Stoney. Furthermore, the thickness ratio of thin layer 
to thick layer is greater than that described in the assumption. Although these 
assumptions are limited to specific conditions and cannot reflect real situations 
for accurate value, they can provide a basic quantitative value for stress 
measurement of the film coated on a substrate.  
During the sintering process, the diffusion process dominates for 
polycrystalline materials and viscous flow is dominant for amorphous materials. 
The materials exhibit properties of both viscous and elastic characteristics, 
called viscoelasticity. Viscoelastic materials have elements of both of these 
properties and exhibit time dependent strain. Since the announcement of the 
Stoney formula, studies such as those carried out by Bordia and Scherer [1, 5] 
have shown that the concept of viscous flow was systematised for deformation 
analysis of a sintering body, instead of linear elastic mode. In this viewpoint, the 
stresses and strains in the sintering body can be analysed using viscoelastic 
analogy. As the sintering materials do not follow linear viscoelasticity, it might 
be difficult to apply to the co-sintering of multi-layer structures. Although the 
modification of constitutive equations by Scherer [29] was developed for the 
study of sintering behaviour by viscous flow, it has been applied to the analysis 
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of densification by viscous flow and solid state diffusion. Assuming that the 
sintering process is viscoelastic, many studies of the stress analysis of ceramic 
materials have used the viscoelastic analogy with constitutive equations. It is 
well known that the use of the viscoelastic analogy further facilitates the 
analysis of stress in viscoelastic materials like ceramics. In general, shear 
modulus and bulk modulus describe the elastic behaviour of an isotropic 
material, and the constitutive equation can be used by Hook’s law in terms of 
the principal stresses (ߪ) and strains (ߝ) in the x, y and z directions, as in 
Equation (2.5): 
 
ߝ௫ =	ߝ௙ 	+ 	
ଵ
ாబ
	 [	ߪ௫ −	ߥ଴	൫ߪ௬ +	ߪ௭൯	]                              (2.5) 
 
where ܧ଴  is Young’s modulus, ߥ଴  is Poisson’s ratio and ߝ௙  is strain of free 
sintering. With elastic-viscous analogy, this equation can be converted into a 
viscoelastic equation, as in Equation (2.6): 
 
ߝ௫̇ =	ߝ௙̇ 	+ 	
ଵ
ఎ
	 [	ߪ௫ −	ߥ௣ 	൫ߪ௬ +	ߪ௭൯	]                              (2.6) 
 
 where ߝ̇ is strain rate, ߟ is the uniaxial viscosity of the porous body and ߥ௣ is 
viscous Poisson’s ratio. The viscous components can be modelled as a time 
derivative form, such as stress - strain rate relationship. Although a ceramic 
material is not linearly viscoelastic when the elastic modulus is a function of 
time or strain, it is reasonable to assume that the sintering material is 
viscoelastic, because the materials interact to an external force with a prompt 
elastic strain and a continuous geometric variation controlled by viscous flow. 
Also, as delayed elastic strains are not important compared to the viscous 
strain that occurs during sintering, this relation can be applied for stress 
analysis of ceramic materials. In general, the strain rate of free sintering is 
related to the sintering potential, ߑ, by Equation (2.7) with bulk modulus, ܭ௣, 
given by: 
 
ߝ௙̇ =	
ఀ
ଷ௄೛
		                                                 (2.7) 
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ܭ௣ =	
ఎ
	ଷ	൫	ଵିଶఔ೛	൯
				                                          (2.8) 
 
As sintering potential and free strain rate are negative due to contraction during 
sintering, bulk modulus has a positive value in Equation (2.7). Likewise, when 
viscous Poisson’s ratio varies from 0 to 0.5, it is possible to utilise Equation (2.8) 
with positive viscosity. 
 The sintering behaviour of a bi-layer structure have been influenced by 
not only dimension of the structure but also material properties such as viscous 
Poisson’s ratio, TEC, sintering strain, percentage theoretical density (%TD) of a 
green ceramic material, etc. As these parameters affect stresses and curvature 
evolution of the structure during sintering, many studies have been performed 
to figure out the relationship between these parameters and stresses. 
It is highly important to measure the viscous Poisson’s ratio, since this 
requires very precise measurements of density and shrinkage rate. There are 
various ways to determine the viscous Poisson’s ratio of materials during the 
sintering process [8]. These studies help to calculate stresses and distortions of 
ceramic structure during sintering. This is important to do, since not much is 
known about the way in which this factor affects things during sintering and how 
it changes with specific temperature conditions. The average value has 
generally shown a range from 0.26 at 70%TD to 0.35 at 90%TD. With a 
constrained sintering experiment, this value can be determined based on 
elastic-viscous analogy under the assumptions in the derivation of viscous 
Poisson’s ratio. 
 
 During sintering, the ceramic material has linear viscous behaviour. The 
strain rate varies linearly with the applied stress 
 The stresses in the out-of-plane direction are always constant 
 The free sintering rate is irrelevant to stress derived from constrained 
sintering 
 Radial shrinkage of the material is zero through the thickness 
 The viscous Poisson’s ratio is a function of density 
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In this condition, several equations including Equation (2.9) can be added for 
linear viscous material during constrained sintering. For a multilayer structure, 
when the shrinkage of interfacial surface (x-y direction) is isotropic, even though 
it is not equivalent to that in thickness direction, the strain rates of free sintering 
are deduced as 
 
ߝ௙௫̇ = 	 ߝ௙௬̇ =	
ఌ೑೥̇ 	
௪
                                          (2.9) 
 
where ݓ is the anisotropic parameter. Also, since any external uniaxial loads do 
not apply to this specimen during sintering, 
 
ߪ௭ = 0                                                   (2.10) 
 
For the case of constrained sintering, the strain in the x-y plane equals zero. 
 
ߝ௫ =	ߝ௬ = 0                                                (2.11) 
 
Through these equations, the equation for viscous Poisson’s ratio can be 
inferred as follows: 
 
ߥ௣ =	
௞	൫	ఌ೥̇ି	ఌ೑೥̇ 	൯
௞	൫	ఌ೥̇ି	ఌ೑೥̇ 	൯ାଶ	ఌ೑೥̇
		                                         (2.12) 
 
Depending on the value of anisotropy, it can be applicable to the analysis of 
shrinkage behaviour based on constrained sintering.  
Many studies have been carried out using bent multilayer structures, 
especially regarding thermal and residual stress [9-12]. These studies have 
demonstrated the ways in which these stresses develop during the heating and 
cooling of a metal/ceramic specimen. The materials behave elastically or 
plastically depending on properties such as the dimensions of the structure; the 
mismatch of thermal expansion; stiffness, and thermal gradient. Trends of 
stress behaviour have been introduced in bending structures, where the 
concept includes the location of the neutral axis, the elastic/plastic boundary, 
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and the curvature. These are derived from variables such as thickness ratio, 
and misfit in thermal expansion coefficient.  
 As a result of these studies, it was emphasized that the compatibility at 
interfacial surfaces between layers needs to be estimated, due to the number of 
boundary conditions for analysis of thermal stresses increasing with the number 
of layers. Since a variety of investigations have been performed for stress 
analysis with bi-layer beam structures in constrained sintering, it is more 
accurate to use plate modulus, ߙ, of the substrate rather than the Young’s 
modulus. It is well known that in a wide cantilever beam where the width is 
approximately five times greater than the thickness, the beam will exhibit plane-
strain conditions and the effective modulus of the beam will trend away from the 
Young’s modulus and towards the plate modulus [10]. This can be expressed 
as: 
 
ߙ =
ܧ଴
1 −	ߥ଴ଶ
																																																			(2.13) 
 
Further, isotropic constitutive law — as described for anisotropic 
behaviour — has suggested that if anisotropy develops during the sintering 
process then %TD is not an important factor in describing the state of the 
material, even though %TD and average grain size have been widely utilised to 
define a sintering material in isotropic constitutive laws. Following Cock’s 
research in the interest of accurate data analysis, it has been suggested that 
the %TD factor could be replaced by the factor of sintering strains [14]. As it is 
difficult to characterise the anisotropic behaviour, these studies suggested 
critical density, which can divide several sections of the sintering process so as 
to empirically obtain extended constitutive laws.  
Some studies have investigated modifications of Stoney’s Equation as 
well as influential in terms of specific conditions, such as cylindrical bi-layers 
[15-18, 30, 31].  Although the original equation can be applied in the condition 
that thickness ratio between a film and a substrate should be satisfied to no 
more than 1% so that the error does not exceed 5%, modified formulae provide 
the extended range of thickness ratio to up to 10%. Also, if there is no in-plane 
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stress, the assumption of a uniform curvature is valid for small deflections, 
followed by determining the curvature, as derived from Young’s modulus and 
the thickness ratio. Despite all these efforts, various investigations have been 
struggling to analyse the exact stresses in a multilayer structure using extended 
equations due to elements of uncertainty such as anisotropic behaviour [32-34]. 
The separate sections are transformed from an initially equibiaxial to a 
subsequently biaxial curvature induced by an increase in film stress beyond a 
certain critical value. This critical value is related to the structure aspect ratio. In 
particular, thin film stress depends on non-local substrate curvatures. This 
means that the stress components at a specific point of the film depend on both 
the local value of the curvature components and on the value of curvatures of 
all other points in the plate system. It has been shown that modified equations 
are valid with the result of the 3D calculation with less than 5% error, in cases 
where a ratio of the depth of the beam structure to thickness is greater than 11. 
This should be taken into account for non-uniform misfit strain distribution and 
for substrate thickness, as if it were a real experimental condition. In 
accordance with this point, analytical equations and its various extensions 
cannot include the non-locality of the dependence of stress and curvature.   
 
2.5 Analysis of curvature evolution during co-sintering 
 
Stress measurement by Cai’s model 
 
A number of studies have explored theoretical links as well as 
experimental verifications for stress measurement with curved structure [35-37]. 
It was experimentally pointed out that an increase in thickness ratio could give 
rise to the relative uncertainty of stress based on an accumulation of errors. 
Theoretical approaches should be restricted to the condition of the ratio of the 
substrate thickness to the film thickness being greater than 10%. Although the 
structure satisfies the internal stress equilibrium from the viewpoint of the 
mechanics, the location of a neutral axis placed to affect the structure to be 
bent may vary depending on differences of the elastic modulus between a film 
and a substrate. It should thereby be taken into account that the neutral axis 
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may deviate from the centroid or interface. That is because the distance from 
the neutral axis to the specimen surface is usually needed in order to calculate 
the surface strain from the measured curvature. These bending experiments 
show that the error derived from extended equations could be decreased when 
increasing the thickness ratio of substrate to film. Further, since average stress 
during the bending motion is a function of the thickness ratio, increasing the 
thickness ratio could reduce the deviation. It has also been indicated that in the 
state of an interfacial surface with delamination, cracks may produce an 
additional imbalance in stress distribution. In addition, the behaviour of ceramic 
material can be converted from elastic regime to viscous regime during 
sintering. In this process, the properties may also follow viscosity mode. It is 
difficult to segregate the boundaries that ceramic materials may go partially or 
fully beyond in their elastic deformation range during sintering. This is because 
different plastic zones between layers will spread simultaneously with 
increasing temperature. Therefore Alan et al [38] have suggested a stress 
measurement method that works without calculating the viscosity factor. Using 
extended formula with horizontal and vertical displacements of thin film during 
sintering, stress induced from coating on a rigid substrate can be estimated 
without a complicated procedure. It is, however, limited in its application to 
multilayer structures with different components. 
 
 
 
 
ߩ = 	
ܽଶ +	ܾଶ
2ܽ
															(2.14) 
Figure 2.6 Schematic of bi-layer structure with curvatures towards layer 2 
 
Figure 2.6 shows the schematic of experimental measurement of radius 
of curvature in a bi-layer structure. By in-situ monitoring of curvature evolutions 
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of a bi-layer structure, the radius of curvature can be calculated using Equation 
(2.14) with measurement of distances of P0-P2 and P1-P3. For curvature 
developments, Cai’s model was chosen to investigate stresses of a bi-layer 
structure at the interface during co-sintering [30, 31]. Based on the model, the 
use of stresses integral and bending moments along the thickness to zero were 
applied to investigate stress development in bi-layer structures. This model for 
bi-layer structures demonstrates that curvature evolution releases the mismatch 
of stresses between layers during co-sintering. Assuming that the each layer in 
the structure can be considered as a linear viscous, the normalised curvature 
rate, ݇̇ (thickness over radius of curvature), measured from shrinkage behaviour 
during co-sintering can be given by: 
 
݇̇ =
݀(
ݐଵ +	ݐଶ
ݎ )
݀ݐ
= 	 ቈ
6(݉ + 1)ଶ݉݊
݉ସ݊ଶ + 2݉݊(2݉ଶ + 3݉ + 2) + 1
቉ ∆ߝ̇																						(2.15) 
 
where ݐଵand ݐଶ are the thickness of layers, r is the radius of curvature, ݉ = 	
௧భ
௧మ
  
is the thickness ratio, ݊ = 	 ఎభ
ఎమ
 the viscosity ratio, ∆ߝ̇  is the difference of the 
shrinkage rate between layers. It is demonstrated in the equations that if 
properties are similar in the bi-layer structure, the values of viscosity and 
shrinkage rate are almost fixed; therefore, the only influential factor to affect 
curvature change of the structure during co-sintering is the thickness ratio. The 
viscous Poisson’s ratio (ν) can be roughly calculated by the %TD of the sintered 
sample (ρ).  
 
ν = 	
1
2ඨ
ߩ
3 − 2ߩ
																																																		(2.16) 
 
 The difference of strain rate in the interface of the bi-layer structure 
results in sintering mismatched stresses. This difference can be applied to 
calculate the nominal viscous mismatched stress (ߪଵෞ) in top layer. 
 
Chapter 2 Literature Review 
Loughborough University 35 
 
ߪଵෞ = ൬
ߟଵ
1 − ߥଵ
൰ ∆ߝଶ̇ିଵ																																												(2.17) 
The maximum stress in top layer, ߪଵெ௔௫ , occurs at the interface and can 
be calculated by: 
 
ߪଵெ௔௫ = 	 ቈ
݉ଶ݊	(4݉ + 3) + 1
݉ସ݊ଶ + 2݉݊(2݉ଶ + 3݉ + 2) + 1
቉ ߪଵෞ																						(2.18) 
 
where ߪଵෞ viscous mismatched stress of top layer.  
 As it is the main goal to find zero-deflection condition of a multi-layer 
structure at the final stage of the co-sintering, the analysis of curvature 
evolution of the structure during co-sintering should be carried out. As curvature 
evolutions are derived from the mismatch of sintering behaviour between layers, 
the properties of materials should be investigated through free sintering. Then, 
how these factors affect each other during co-sintering and develop curvature 
evolution of the bi-layer structure should be analysed.   
 
Co-sintering of thin structures fabricated by tape-casting method 
 
Among the fabrication methods of multilayer structure for experimental 
research, the tape casting method has been widely used to produce ceramic 
layers [39-41]. It is well known that this method can be used to laminate 
together green ceramic tapes with various components, thereby enabling 
different characteristics derived from factors such as porosity and initial density 
to be present during sintering. In using this method, one must ensure that the 
tapes have the same sintering behaviours in order to avoid delamination, 
warping and cracks in the sintered structure. As these behaviours are difficult to 
obtain using traditional processes such as the powder pressing method, 
numerous studies have been investigated for the purpose of demonstrating that 
a reduction in differential shrinkage can be accomplished by mixing ceramic 
powders of various sizes and shapes or by organic particulates which pyrolyse 
during the binder removal stage, leaving stable voids. As smaller pore networks 
derived from particle bridging in the green tape connect with large pores, 
additional voids induced by particle bridging may be the source of excess 
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porosity occurring in the sintering process. In bending experiment conditions, 
assumptions such as isotropic and linear behaviour are hardly valid during the 
multilayer sintering process [42, 43]. Messing’s well known analysis [44] 
provides an appealing explanation of the curvature evolution of a ceramic 
multilayer structure during co-sintering. It has been shown that the relative 
viscosity of each layer brings about curvature evolution, although curvature is 
commonly affected by the mismatch of sintering shrinkage between layers. 
Furthermore, these works suggested that curvature is more noticeable in 
cases where each component has a similar viscosity and the same thickness. 
On the other hand, curvature is seldom observed when the difference of relative 
viscosity between layers is much higher, despite the mismatch in shrinkage 
behaviour. In other words, it can be said that differences of viscosity makes 
curvature behaviour with a certain thickness ratio contribute to influence the 
entire curvature of the ceramic structure during co-sintering. Besides, the 
estimation of the curvature rate allows qualitative insight on the internal 
stresses that may be the reason for shrinkage behaviour. The variation of 
dimensions during co-sintering can be observed and recorded by an optical 
system. In bi-layer structure experiments, the curvature shape, i.e. whether it is 
concave or convex, was shown to depend on a difference of various properties 
as a main function of temperature. According to these results, establishment of 
the optimal temperature range for reduction of unnecessary modification should 
be considered, so that well-controlled sintering behaviours can yield the desired 
results. 
During the sintering process, with dimensional shrinkage and bending 
deformation, thermally induced stress may reach beyond critical level, resulting 
in cracking and fracturing of the laminated ceramic structure [45-49]. It has 
been noted that although the fracture behaviour is normally dominated by 
unstable crack propagation from defects at the interfacial surface, and oriented 
parallel to the thickness direction, the fracture stress of the laminated layer is 
higher than that of a single layer. This is due to achieving good bonding 
between layers with microstructure improvement, which is able to cause 
restraint during the opening of a crack of the interfacial surface. In our 
laminating process, the hot-pressing method as a function of temperature, 
pressure and holding time can be utilised for the multilayer structure, but vacant 
Chapter 2 Literature Review 
Loughborough University 37 
 
space between layers may occur during this process, resulting in propagation of 
the crack during the heating cycle. Crack growth behaviour along porous 
ceramic layers is very important in the fabrication of a porous multilayer 
structure in particular. It provides information on the microstructural mechanism 
since the condition of stress concentration around pores may be expected by 
the pore state, such as pore morphology, distribution and spacing.  As thermally 
induced stress affects the contribution to energy release during the crack 
propagation process — especially in high viscosity value at dense condition — 
the crack has grown and extended further so that it leads to the increase of a 
local crack opening, or to a multilayer structure which can be broken off.  
     
2.6 The co-sintering method 
 
Influential parameters 
 
Extensive constitutive equations with many parameter terms have been 
published for use in the simulation analysis of sintering behaviour. Some of 
these studies originated from micromechanical models and others were based 
on empirical experimental data. Recently, a combined method [50] with laws 
and empirical fitting has been used for the prediction of sintering deformation. 
As described above, it is well known that a simple method for the analysis of 
sintering behaviour and kinetics is the use of the dilatometer apparatus. 
Although this method allows for measurement of both instantaneous shrinkage 
rates as well as applied stress during sintering, one must take into account its 
inherent assumption that micro structural evolution under a certain applied 
loading is almost identical to that of free sintering [51, 52]. As grain growth rates 
and pore shapes under free sintering are different from those under applied 
stress, this assumption is essential. It is well known that the key parameters 
influencing sintering behaviour are usually divided into two parts: internal 
factors such as grain size, pore distribution, a ratio of additives like binder, 
solvent; and external factors such as sintering temperature, heating rate, 
dimensional ratio and structure configuration. [53]. 
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a) Temperature 
 
It is generally assumed that the effect of temperature is the dominant 
factor in promoting the entire procedure for sintering behaviour, and influences 
the microstructure which is subject to viscosity and activation energy for matter 
transport [54-57]. Also, increasing temperature leads to the activation of grain 
growth and pore elimination so that the ceramic structure can be made denser 
during sintering. As the viscosity initially decreases with temperature and 
increases toward the later stages of densification, microstructural deformation 
derived from viscosity variation is eventually dominated by temperature. All 
ceramic materials have their own sintering temperature range and the same 
materials may have different sintering temperature ranges depending on 
variables such as particle size and solid content in the slurry. In co-sintering 
processes, it is very important to determine the active sintering temperature 
range, since structures that consist of several layers with different sintering 
behaviours have to be treated by a single heating cycle. One should take into 
consideration both the sintering temperature of the materials as well as the 
uniform temperature range in which each material can be sintered.  
 
b) Grain size 
 
As sintering is a densification process with particles fusing together as a 
result of atomic diffusion, the effect of particle size plays a significant role in 
terms of temperature. Many studies have been examined in order to determine 
how the particle size varies depending on temperature and how this affects 
sintering behaviour [58-61]. In studies where the material is the same bar for 
particle size, it has been shown that the factor of particle size significantly alters 
sintering behaviour. The application of smaller sized material — i.e. nano-sized 
powder instead of micro-sized powder — has shown that the maximum 
shrinkage rate of smaller sized material will occur earlier rather than in micro-
sized material. This implies that it is possible to apply a modification of particle 
size in the green body, for the sake of reducing the mismatch of sintering 
behaviour between layers at a specific temperature. On the other hand, too 
small a particle size may lead to negative problems for densification on account 
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of the relation between particle size and pores. It is difficult to achieve full 
densification under pressureless sintering conditions in the case of the 
densification process of a nano-sized material with low initial density. This is 
due to the existence of a stable large pore. Also, grain growth occurs with 
increasing temperature as atoms diffuse to new positions, resulting in one grain 
growing at the expense of another. The reason why grain growth should be 
considered is that the properties of ceramic material are dependent on grain 
size. It increases the diffusion distance, thus contributing to a reduction in the 
densification rate. It is also known that rapid densification in the condition of 
controlled grain growth takes place at lower temperatures, followed by rapid 
grain growth with little densification at higher temperatures. 
 
c) Pores 
 
It may be said that the densification process during sintering is 
equivalent to the pore elimination process, and so it is essential to have a 
proper understanding of the pore evolution. Although pores can be removed 
with decreasing coordination numbers due to grain growth and rearrangement 
during sintering, a certain sintering condition leads to pore growth and grain 
growth due to the coalescence of small particles into large ones [62]. It is 
generally noted that in order for the pore to shrink, a decrease of the free 
energy derived from the decrease in the pore surface area should be greater 
than an increase due to the increase in the grain boundary area. Also, the 
distribution and shape of pores may cause a decrease in the sliding or rotation 
on the grain boundary, contributing to energy dissipation during sintering [63]. 
These behaviours can influence anisotropic microstructural developments in 
multilayer structures [64, 65]. In co-sintering, it should be taken into account 
that the different densification behaviours between layers affect the properties 
related to pores along the thickness direction, so it may lead to a 
microstructural gradient, resulting in the generation of a stress gradient at the 
same layer during sintering.  
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d) Additives in suspension for ceramic tapes 
 
The microstructural evolution during sintering has been influenced by the 
microstructure of the green body. For the tape casting method in particular, it is 
important to take into account the state of the slurry as well as the direction of 
casting, in determining the initial state of microstructure prior to sintering. It has 
been investigated how the additional components such as the binder, and the 
dispersants in the green body, influence the densification behaviour, and how it 
affects stress distribution during sintering [66-69]. Although these materials do 
not participate in the sintering process directly, they act on the properties of the 
ceramic slurry followed by changing the initial position of particle distribution or 
the active temperature zone for densification during sintering. When the thermal 
debinding process at low temperature occurs, at the interface of the binder-
vapour, it is possible that the flow path of vapour breaks the connection of 
particles or causes the dimension of pores between particles to broaden.  
 
e) Layer configuration 
 
As the initial state of the microstructure of green tapes, such as particle 
alignment and distribution, may affect the sintering behaviour of the multilayer 
structure, it is important to consider the method for assembling layers, in order 
to reduce negative effects during co-sintering. Some studies have investigated 
layer configuration, considering how directional property influences the 
shrinkage behaviour and how to determine conditions such as pressure, 
temperature, time, etc. for multilayer structures [70-72]. In our research, new 
lamination conditions have to be taken into account as stress derived from 
mismatching of sintering behaviour should be minimized during the co-sintering 
process.    
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2.7 Fabrication of SC-SOFC 
 
Fundamental 
 
Unlike the dual chamber type, the SC-SOFC consists of only one gas 
compartment containing a gas mixture of fuel and oxygen [73-77]. The main 
principle in SC-SOFC is based on the selectivity of the electrodes for high 
performance. In other words, the anode has to be selective and 
electrochemically active for the oxidation of the fuel, as well as be inert to the 
reduction of the oxidant, whilst the cathode must exhibit selective reduction of 
oxygen and be inert to the reaction with fuel gas. Therefore, both the 
electrochemical activity and the selectivity of the electrodes lead to the 
generation of electricity in SC-SOFC. 
The advantages and disadvantages of SC-SOFCs are summarised in 
Table 2.1. The use of gas mixture in SC-SOFC has various advantages. It is 
not necessary to process for the gas tight sealing by exposure of all 
components in the same gas condition [73]. In addition, since the cell is located 
in one gas compartment, several complex gas manifolds and flow structures for 
gas supply can be eliminated, making it possible to create a simpler and more 
compact cell [75]. It also becomes acceptable to have thin electrolyte layers 
with defects, small cracks and pores. Moreover, the effect of exothermic fuel 
oxidation reaction during the operation can help increase the cell temperature, 
enhancing the activation of gas reaction by up to 100℃ [76]. This heat release 
can lead to an improvement of power density at lower temperatures. A major 
drawback of SC-SOFCs is the low fuel utilisation and cell efficiency from 
insufficient selectivity of materials in the mixture gas condition. Another problem 
with the fuel-air gas mixture is the risk of explosion at high operating 
temperatures [77]. It must also be taken into account that the gas ratio and 
reactions can lead to low efficiency due to parasitic, non-electrochemical 
reactions. 
Despite these disadvantages, SC-SOFCs exhibit several advantages 
over DC-SOFCs, making them an interesting alternative to overcome problems 
of DC-SOFCs.  
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Table 2.1 Advantages and disadvantages of SC-SOFCs 
Advantages Disadvantages 
- Sealing-free structure - Highly selective and catalytically 
active materials necessary - Less complex gas manifolding 
- Simplified design - Low efficiency and fuel 
utilisation than DC-SOFCs - Easier fabrication 
- Novel cell designs - Risk of explosion for fuel-air 
mixtures at high temperatures - Easier stack assembly 
 
Fuel-air mixtures 
 
For the electrochemical reactions of SC-SOFCs, partial fuel oxidation is 
desirable, whereas the complete fuel oxidation is not desirable. SC-SOFCs 
enable to use hydrocarbon gas as well as pure hydrogen. The use of a mixture 
of hydrocarbon and air allows for an internal hydrocarbon reforming process 
over a metal-based anode catalyst with the addition of steam. By chemical 
reaction with gases inside the chamber, hydrocarbon fuel, water, and carbon 
monoxide act each other and help to generate hydrogen gas for 
electrochemical reaction. However, carbon particles directly from hydrocarbon 
fuel might prevent catalysts from activating with fuel gas and reduce cell 
performance. It is possible to control the carbon deposition that may occur in 
this reforming process by adjustments of the oxygen content in the gas mixture 
[78].  
 
CHସ +
1
2
Oଶ → CO + 2Hଶ 
CHସ +	Oଶ → CO + Hଶ +	HଶO 
CO + Oଶି → COଶ + 	2eି 
 
Furthermore, the water gas shift reaction converts CO into H2, which is more 
easily electrochemically oxidized that CO. 
 
CO + HଶO → Hଶ +	COଶ 
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In the partial oxidation of the fuel, the anode needs to be active and 
selective and the cathode should not activate with any fuel reactions. Nickel-
based catalysts exhibited excellent activity for processing the partial oxidation 
of methane within the mixture of methane and oxygen [79]. Also, Nickel was 
found to be active for methane cracking. In this respect, carbon deposition on 
the anode layer in an oxygen lean gas mixture can lead to deactivation of the 
catalyst. It has a negative impact, leading to low performance and reduction in 
long-term stability of the system. Also the ratio of methane to oxygen (Rmix) ≤2  
is recommended to avoid carbon formation [80]. In general, a mixture of 
methane and oxygen is used with Rmix between 0.85 and 2 [73].  
 
Various Cell Designs 
 
The SC-SOFCs configurations are summarised in Fig 2.7 for planar 
anode-supported cells, planar electrolyte-supported cells, planar cathode-
supported cells, fully-porous cells and co-planar cells. Planar anode-, 
electrolyte-, and cathode-supported cells are also used in conventional DC-
SOFCs, whereas fully-porous and co-planar cells are only possible under SC-
SOFCs. 
Some researchers in the field of SC-SOFC have introduced and SC-
SOFC is mainly divided into 4 types of cell structure. These are the planar 
(anode supported, electrolyte supported), tubular, co-planar and fully porous 
types. The first SC-SOFC was operated by Hibino et al. in 1993 [81] using a 
mixture of methane and air (Rmix=2) at 950℃. As a typical planar electrolyte 
supported type of SC-SOFC, it consisted of a Ni-YSZ (Nickel - Yttria Stabilized 
Zirconia) anode layer, an YSZ (Yttria Stabilized Zirconia) electrolyte and Au 
cathode layer and it obtained a maximum power density of 2.36mW/cm2. The 
performance was later improved by the use of a mixed ionic conductor barium-
based electrolyte [82]. As a result, the power output was increased to 
170mW/cm2 at 950℃. However the barium-based electrolyte fabrication method 
had some instability disadvantages and reacted with carbon dioxide, resulting in 
the prevention of long-term operation. 
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Type Features 
1. Anode supported cell 
 
- Most popular 
- Need thick anode for strength 
- Reduce ohmic cell resistance 
2. Electrolyte supported cell 
 
- Need thick electrolyte for strength 
- Increase of ohmic loss 
3. Cathode supported cell 
 
- Lower cost and higher reliability 
- Lower power density than those of 
anode-supported types 
4. Co-planar cell 
 
- Dual-face design with side-by-side 
electrode pattern 
- Ohmic loss by gap size between 
adjacent anodes and cathodes 
5. Flow by or Flow though cell 
 
- Consist of porous structures enabling 
surface ionic conduction 
- Enhance mass transport 
Figure 2.7 Designs of SC-SOFCs 
 
In 1999, Hibino had researched an electrolyte supported SC-SOFC that 
consisted of Ni in anode, YSZ electrolyte and LSM cathode [83]. This cell 
showed much better performance rather than that of the Pt anode and Au 
cathode. It was attributed to the addition of MnO2 in the cathode, leading to a 
decrease in electrode overpotentials and reaction resistance. In the following 
year, the cell performance with electrolyte of Strontium-doped Samarium 
Cobaltite (SSC), Lanthanum Strontium Cobalt Oxide (LSC) and Lanthanum 
Strontium Manganite (LSM) was studied between 350 and 900℃ in flowing 
mixtures of methane, ethane, propane or liquefied petroleum gas and air, where 
their oxidation proceeded safely without explosion [84]. It was found that a 
small electrode reaction resistance resulted in an increase in power density and 
the power density at 600℃ increased with decreasing electrolyte thickness. 
Among the fuel gas, excluding methane, ethane showed the best performance 
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and ethanol the worst. This work confirmed that the problem with transportation 
applications due to operation conditions at high temperatures could be settled 
using highly conductive solid electrolyte materials with the use of readily 
available hydrocarbon fuels.  
To obtain high performance of the anode layer in a mixture of methane and 
air, Rmix=1 at reduced temperature, Samaria doped Ceria (SDC) added to 
nickel with palladium, and the cell consisted of a Ni-SDC anode, SDC 
electrolyte, SSC cathode at 550℃ [85]. The addition of a small amount of Pd to 
the anode promoted the partial oxidation of methane by oxygen to form 
hydrogen and carbon monoxide, resulting in small resistance between 
electrode and the reaction of anode. When using a 0.15mm thickness of SDC 
electrolyte, the peak power output was 644mW/cm2 at 550℃. As the electrolyte 
material substituted SDC for YSZ and added a little Pd to enhance performance 
of anode, a high power density could be observed in spite of low temperature 
operation. 
In 2005, Hibino’s group introduced electrolyte material, BaLaIn2O (BLI), 
which exhibited higher oxide ion conductivity than YSZ [86]. It consisted of a 
Nickel - Lanthanum Strontium Manganese Chromite (Ni-LSCM) anode, BLI 
electrolyte and SSC cathode. In a mixture of methane and air, the obtained 
output was 64.7mW/cm2 at 800℃. Based on results recorded over many years, 
SC-SOFC was examined as an energy recovery module for application on a 
motorcycle, as shown in Figure 2.8 [87]. The cell consisted of Ni + SDC anode, 
YSZ electrolyte and LSM cathode. Fuel gas derived from the engine exhaust 
was included with mixtures of 1000ppm CH4, 1000ppm C2H6, 1000ppm C3H8, 
1000ppm CH4 and 1250ppm O2 and was supplied to the cell at 700℃. The 
maximum power density was 12mW/cm2. This work demonstrated that although 
its output was low, an SC-SOFC is capable of operating with exhaust gas from 
a gasoline engine.  
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(a) Composition of the single cell (b) Application on bike 
Figure 2.8 Concept of SC-SOFC in Hibino’s research group 
 
Buergler et al. [88] investigated the effects of different flow rates with 
doped Pd, Co in the condition of Pt-meshes that were embedded in electrode 
as current collectors in order to achieve low overpotential using Gadolinium‐
Doped Ceria (GDC) composition. In a mixture of methane and air (Rmix=1.6), 
the cell generated a maximum power density of 468mW/cm2 at 600℃. It was 
confirmed that the power output was higher when much higher flow rates were 
used. Also, the use of Co doped electrolyte as well as the Pd doped anode led 
to improve high OCVs. Through this research, it should be considered that the 
effect of the addition of Pd, Co, etc. in the anode could enhance the reaction 
and lessen the resistance in the methane-air mixture. 
As an anode supported type of SC-SOFC, Shao et al. [74] researched 
the thermally self-sustained micro SOFC, operating with propane fuel at 600℃. 
A thin film electrolyte cell was fabricated using SDC for the electrolyte, Ni + 
SDC for the anode, and a mixture of SDC with Barium Strontium Cobalt Ferrite 
(BSCF) for the cathode. Here, the addition of a porous layer with a little amount 
of Ruthenium (Ru) + Cerium (Ce) was coated onto the anode surface as a 
catalyst, to enhance catalysis of propane partial oxidation at lower temperature. 
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The application of the Ru + Ce layer was found to affect thermal stability and 
increase the conversion rate for fuel oxidation as opposed to than that of the Ni-
SDC layer without the Ru + Ce layer. On top of that, in the case of the Ru + Ce 
treated cell, carbon deposition was not found to occur on the Ni beneath the 
catalyst layer, suggesting that the Ru + Ce layer was active, and the partial 
oxidation was completed with an exterior layer where the propane was unable 
to reach into the inner Ni + SDC layer.  
 
 
Figure 2.9 Schematic diagram of SC-SOFCs 
 
In Fig 2.9, Naveed Akhtar et al. [89] have discussed the gas flow 
distribution and fuel utilisation in SC-SOFC, comparing the parallel and 
perpendicular flow directions with respect to the cell component, using an 
electrochemical fluid coupled numerical model in a five-layer assembly 
(anode/anode catalyst layer/dense electrolyte/cathode catalyst layer/cathode). 
The velocity profile showed that increasing the velocity enhanced the mass 
transport in the cell. This was due to forced convection and this could help to 
decrease diffusion losses at higher current density. As a porosity effect with the 
velocity profile, it was shown that low porosity provided a more active reaction 
area and increased residence time, contributing to improve the fuel utilisation. 
With the result of gas concentration depending on flow direction toward the cell, 
a large uniform concentration gradient was obtained in the perpendicular 
compared to the parallel direction. As a result of types such as parallel, anode 
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first perpendicular and cathode first perpendicular configurations, it was found 
that the perpendicular types of the cell against flow direction provided better 
reactant utilisation than the parallel type. In addition, the cathode first 
perpendicular type demonstrated the best utilisation of both electrodes. All 
things considered, if fully porous layers were used as a cathode first 
perpendicular condition, this would take advantage of both the gas flow and the 
electrochemical performance of the cell. 
N. Akhtar et al. [90] suggested a micro tubular SC-SOFC, utilising a 
mixed reactant supply. This was operated with a mixture of methane and air 
(Rmix=1) at 750℃ with a comparison of various mixture ratios. As a comparison 
of effective fuel utilisation and efficiency depending on the gas ratio from 
Rmix=1 to 4, the lower the hydrocarbon content, the higher the efficiency. Also, 
in the condition of identical Rmix=1, the more gas supplied, the lower the 
efficiency obtained, until 700℃, after which the efficiency increases with the 
amount of gas supplied. In order to improve fuel utilisation and efficiency, the 
cell has to be operated in stacks. However, cell degradation began to show 
within 24 hours due to redox cycles over the nickel surface, having an adverse 
effect on the long-term performance. To prevent cell degradation during the 
redox cycles, the addition of Pd and Ru in the anode layer could be considered. 
 
a) Co-planar SOFC 
 
J. Fleig et al. [91] introduced a geometrical constraint of co-planar SOFC, 
where both electrodes are located on one side of a thin film electrolyte with 10 
µm thickness. Through numerical calculation, electrode geometries and film 
thickness were obtained to achieve considerably low polarisation resistance. 
Interdigitated electrodes with a characteristic size were found to be essential for 
reaching low polarisation resistance. It was shown that in the co-planar type the 
ionic current has to flow parallel to the substrate, so that the distance and width 
of the electrodes become more important than the thin electrolyte which is 
favourable in terms of reducing ohmic resistance. It was also mentioned that 
the current was restricted to the vicinity of the electrochemically active area of 
the electrodes, and hence electrode morphology would be a more critical factor 
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with respect to the electrolyte resistance. Although, with an interdigitated 
structure, the electrode distance between the anode and cathode has to be 
drastically reduced to achieve low resistance, the distance becoming too small 
might cause a problem if the reaction product in the anode layer flows easily to 
the nearby cathode, thus changing the mixed cathode potential and making it 
unstable for an electrochemical reaction. In this study, the optimal value was 
examined to achieve low resistance. The resistance was stable and low when it 
was applied in a 2 ~ 20µm of specimen width, 0.8µm of electrolyte thickness 
and 2µm of specimen distance.  
 
 
Figure 2.10 Concept of Co-planar SOFC 
 
Ahn et al. [92] carried out co-planar SC-SOFC experiments with micro-
patterned electrodes, as shown in Figure 2.10. In order to fabricate linearly 
patterned electrode structures on the same surface, a robo-dispensing method 
was used. This means that paste materials of anode and cathode were 
deposited onto a substrate of electrolyte by extrusion through a syringe nozzle. 
All variables were restricted except for the distance between electrodes as well 
as the power density, which was measured in a mixture of methane and air at 
900℃. The distances between the anode and cathode were varied, at 255µm, 
443µm and 783µm, and the corresponding power densities were achieved at 
804mW/cm2, 790mW/cm2 and 782mW/cm2, respectively. A comparison of 
multiple pairs with interdigitated electrodes was also investigated. The OCV 
with 2, 4 and 8 pairs was continuously decreased and a voltage drop was 
observed compared to the single electrode pair. This was attributed to flow 
geometry depending on electrode pairs affecting the output, where mixing 
Chapter 2 Literature Review 
Loughborough University 50 
 
gases between reactant and product was influenced by convection flow or 
turbulence flow. In an ideal SC-SOFC, the partial oxidation of the methane has 
to react only on the anode, while oxygen should be reduced only on the 
cathode. The selective partial oxidation and reduction induce a difference in the 
oxygen partial pressure between the anode and the cathode. As the results of 
this work show, it is difficult to maintain pressure difference in the flowing of the 
cell. 
 
b) Micro SC-SOFCs 
 
Liu et al. [93] investigated micro SC-SOFC stacks with two series-wound 
single cells. In this research, the effects of flow rate, gas composition and 
furnace temperature were examined on the performance of both the single and 
the stack cell. It was shown that the maximum power output is about 370mW 
with Rmix=1. We can expect the possibility of applying the performance of 
these micro stacks for portable applications.  
A flow-by type of fully porous SC-SOFC was investigated by Toshio et al 
[94]. This cell consisted of porous anode and cathode layers as well as a 
porous electrolyte; enabling reactant gases to flow through the whole assembly, 
as shown in Figure 2.11 (a). It was located in parallel toward the flow direction 
in a mixture of methane and air (Rmix=1) with various flow rates. It was 
discovered that the cell temperature was higher than the furnace set 
temperature due to the exothermic reaction during operation. At a cell 
temperature of 744℃, the maximum power density obtained was 660mW/cm2. 
The OCV with the porous electrolyte was lower compared with the dense 
electrolyte in the same operating conditions. This was attributed to the 
reduction of oxygen partial pressure, which was due to the permeability of 
porous electrolyte from anode to cathode so that oxygen could react with 
hydrogen or carbon oxide gas at the cathode, resulting in a lower oxygen partial 
pressure. It was demonstrated that increasing the gas flow rate resulted in 
improvement of reactant diffusion through the electrode. Resistances could 
thereby be reduced and the OCV increased. 
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I. Riess [95] studied the flow-through type of fully porous SC-SOFCs to 
make a comprehensive survey of variables such as geometry, materials, 
temperature and overall reaction, shown in Figure 2.11 (b). The advantages of 
the flow-through type are that it is simple and much less expensive to construct 
than the conventional type, rendering it economically feasible. It provides a high 
energy density and fuel utilisation. Also, it enhances the reaction of the gas 
mixture with the correct catalytic activities and selectivity. Experimentally, the 
flat stack of the flow-through type was fabricated without an interconnector, 
consisted of 17 elements (one element is an assembly of an 
anode/electrolyte/cathode). As regards thickness of layers, it was noted that a 
minimum thickness should be at least 10µm in a layer to prevent contact 
between the anode and the cathode through the pores in the electrolyte.  
The role of the interconnector was defined as a separation of the 
adjacent layer, eliminating the possibility that the material contact between the 
two electrodes could occur when stacking with single cells. With regards to 
material features, the possibility that catalytic property could be changed by 
product adsorption on reaction area or reactions through changing 
concentration ratio should be taken into account, as should maintenance of 
selectivity during the steam- or CO2 reforming process, and danger of explosion. 
 
 
 
 
(a) Parallel (b) Perpendicular 
Figure 2.11 Fully porous SOFC compositions of (a) parallel and (b) 
perpendicular 
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Applicability of wavy structure using the co-sintering process  
 
It should be necessary to discuss how to control induced stresses acting 
as a useful or detrimental component in a ceramic multilayer structure, so as to 
obtain desired shapes after the co-sintering process. The dimensional change 
from induced stress has a deleterious effect in the field of low temperature co-
fired ceramics (LTCC), whereas the additional stresses occurring during co-
sintering have a positive effect for wavy multilayer structures without external 
load. The investigations of Shin et al [96] have shown the way in which 
generated stress during co-sintering develops in the active region of the 
structure for the application of the ceramic capacitor. It can thereby be proved 
that a compressive in-plane stress component is beneficial. Likewise, for wavy 
forming, the effect of dissimilarities such as the initial density, particle size, and 
thermal expansion coefficient should be considered for different sintering 
behaviours between materials, since influences derived from induced stresses 
increase as the number of layers in the structure increases. 
Some studies have raised the possibility for fabrication of wavy 
multilayer structures using thermally induced stress during co-sintering [97-99]. 
These predict that the volumetric shrinkage in response to densification and 
viscosity during sintering, as well as curvature due to gravity, can lead the state 
of a ceramic body to become flexible, achieving a wavy-shaped multilayer 
structure. The first task in creating a wavy structure would be to find the active 
temperature range at which the viscosity of the ceramic layers is at a minimum, 
while curvature is more active.  
On the condition that a sintered ceramic structure is exposed at high 
temperature in a redox cycle — particularly in a SOFC operation — the effect of 
thermally induced stress during operation may repeatedly influence the 
dimensions of the multilayer structure even though there is little impact for 
dimensional change, as compared with the value occurred during sintering   
[100, 101].  
As the wavy structure derives from the deformation caused by the 
sintering process, it has the advantage of having a large active surface area as 
a field for electrochemical reactions. Unlike a plain structure with the same 
radius, this can be utilised as a wavy cell in a SOFC field. The effective use of a 
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wavy multilayer structure may be applicable to a SC-SOFC, which needs a high 
electrochemical reaction area due to the use of gas mixture in SOFC types 
[102]. Although the reduction of length in the creation of the waves leaded to 
increase its height, geometric projected area was regarded as an effective 
electrochemical reaction area to compare features of cells in this study. For 
further investigations, it should be considered how volumetric structures affect 
the performance with features such as gas flow behaviour, fuel utilisation, and 
microscopic structure. 
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Chapter 3  
Experimental Methods 
 
 
3.1 Sample Preparation 
 
Materials Selection 
 
The materials used for operation in an intermediate temperature range 
(500ºC~600ºC) were NiO/CGO for anode, CGO for electrolyte and Lanthanum 
Strontium Cobalt Ferrite (LSCF) for cathode; their specifications are listed in 
Table 3.1. Some research have demonstrated that the ionic conductivity of 
CGO is better than that of YSZ at these temperatures. The particle size of 
LSCF was chosen to be larger than the other materials in order to balance the 
final density of each material at the end of the sintering process. Each green 
layer was prepared with the support of Maryland Tape-casting ltd using the 
powders supplied by fuelcell materials ltd. The slurry compositions are shown in 
Table 3.2 and each slurry was tape-casted with 20 µm thickness.  
 
Table 3.1 Specification of materials 
Name Composition 
d50 
(µm) 
SBET 
(m2g-1) 
NiO/CGO 60 wt% NiO/ 40 wt% CGO 0.3 4-8 
CGO Ce0.8Gd0.2O2-δ 0.3 5-8 
LSCF La0.6Sr0.4Co0.2 Fe0.8O3-δ 1.0 4-8 
 
 The %TD of each green ceramic material was determined by the 
Archimedes method using rectangular pieces of each material and they were 
compared with the results of cross sectional images from SEM analysis of the 
material sintered at 1200ºC. It was described further in Section 3.2. 
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To find out suitable materials with better performance and reliability, 
some researchers have carried out a comparative study with various cathode 
materials [1-4]. These have shown that LSM is not suitable for SC-SOFC due to 
high polarisation resistance, whilst SSC and BSCF are not stable under single 
chamber conditions during long time operation. In contrast, LSCF has suitable 
conductivity and good stability under methane-air mixtures, which makes it 
seem the most promising cathode material in SC-SOFCs. In addition, good 
ionic conductors such as Strontium/Magnesium-doped Lanthanum Gallate 
(LSGM) and CGO are selected as electrolyte materials, for the reduction of the 
operating temperature. However, LSGM may present serious issues regarding 
chemical reactions with electrodes and is therefore not widely used as an 
electrolyte. Hence, the materials NiO/CGO (anode), CGO (electrolyte) and 
LSCF (cathode) are deemed as suitable selections for this study. Regarding 
initial particle size, larger sized LSCF was used as a cathode material as it is 
known that the sintering temperature of LSCF is generally lower than that of 
NiO/CGO and CGO. To balance the final density of materials during the co-
sintering process, the sintering behaviour of LSCF should be retarded. 
 
Table 3.2 Slurry compositions for tape-casting 
Anode layer Electrolyte layer Cathode layer 
Materials wt% Materials wt% Materials wt% 
Nickel Oxide-GDC 
(60 wt%NiO-
40wt%GDC) 
63.3 Gadolinium-Doped Ceria (20% Gd) 62.13 LSCF 62.36 
Xylenes 14.22 Xylenes 14.61 Xylenes 12.74 
Ethyl Alcohol (95%) 14.22 Ethyl Alcohol (95%) 14.61 Ethyl Alcohol (95%) 12.74 
Polyvinyl Butyral, 
B-98 4.11 
Polyvinyl Butyral, B-
98 4.35 
Polyvinyl Butyral, B-
98 6.24 
Triethyleneglycol 
bis(2-ethyl 
hexanoate) 
1.44 
Triethyleneglycol 
bis(2-ethyl 
hexanoate) 
1.53 
Triethyleneglycol 
bis(2-ethyl 
hexanoate) 
2.18 
Polyalkylene Glycol 1.44 Polyalkylene Glycol 1.53 Polyalkylene Glycol 3.12 
Hypermer KD-1 1.27 Hypermer KD-1 1.24 Hypermer KD-1 0.62 
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Thin Layer by Tape-casting method 
 
 In conventional fabrication processes, multilayer structures have been 
produced by a die-pressing method with powders and the screen-printing 
method with material slurries [5, 6]. However, this process is not suitable for 
thin and curved structures that are susceptible to shrinkage and curvature 
evolution, resulting in cracking and delamination during co-sintering. As shown 
in Figure 3.1, the thickness of the single layer by die-pressing was 1 mm and 
cracking had occurred due to bending behaviour during sintering.  
 
     
Before sintering After sintering 
Figure 3.1 Curvature result of YSZ circular layer during sintering 
 
 The high stiffness of the materials renders them difficult to fabricate 
curved dimensions out of die-pressing. Since a multilayer structure should be 
flexible at room temperature in order for the curved shape to be maintained, the 
materials were prepared by the tape-casting method in Figure 3.2.   
 
   
Figure 3.2 Green layers with 20 µm thickness by the tape-casting method 
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Lamination Procedure for the Multilayer Structure 
 
For bi- and triple-layer structures, a hot-pressing method was used at 
40ºC under 45 bar for 5 min. The multi-layer structure layout consisted of anode 
(NiO/CGO) | electrolyte (CGO) | cathode (LSCF) and the thickness of each 
material was adjusted by lamination of several sheets. For the bi-layer 
specimens, utilising hot pressing under various conditions resulted in some 
samples demonstrating symptoms of crushing, as illustrated by Table 3.3. This 
is believed to be due to the high temperatures and pressures involved. In 
addition, low pressure and temperature resulted in delamination.  
 
Table 3.3 Bi-layer structures using hot-pressing in various conditions 
 250 bar 130 bar 60 bar 45 bar 25 bar 
80ºC 
   
(crushing) (crushing) 
50ºC (crushing) (crushing) 
  
(delamination) 
40ºC (crushing) (crushing) (crushing) 
 
(delamination) 
20ºC (crushing) (crushing) (delamination) (delamination) (delamination) 
 
 As the slurry condition for cathode was different from others, the cathode 
layer during hot-pressing was more sensitive to temperature and pressure. The 
bi-layer structures consisted of anode-electrolyte structures and electrolyte-
cathode structures, with different thicknesses and thickness ratios. Triple-layer 
Chapter 3 Experimental Methods 
Loughborough University 68 
 
structures consisted of an anode-electrolyte-cathode composition with different 
thicknesses and thickness ratios. 
 
3.2 Shrinkage Measurement by Free and Vertical Sintering 
 
 Dilatometer equipment has been widely used to measure shrinkage 
behaviours of samples during sintering in conventional methods for shrinkage 
measurement. However, as the green layers by the tape-casting method were 
too thin to use this equipment for shrinkage measurement, an optical method 
was applied to characterise the shrinkage behaviour of each material. Following 
the sintering process of each material, the Archimedes method was carried out 
to confirm the final density of the sintered samples. As the porous structures 
consist of one or more solid phases along with pores, pores including open and 
closed pores are cavities filled with air or other gas. Among open pores, there 
are different pores. Of particular salience are, pores which liquid may flow, and 
saturable pores. It was found that the water absorption was dependent on open 
porosity and the pore size [7]. As closed pores are not influenced by water 
absorption, this detail should be considered. Additionally, when immersing a 
porous thin structure in water, cracks might occur due to stresses from capillary 
action. According to these features, the type of soaking medium and other 
conditions must be considered. In this study, the use of the Archimedes method 
might provide inaccurate data due to the condition of the pores inside the 
structures. To compensate for the defect, SEM analysis with these samples 
was carried out. The cross-sectional images of the samples were analysed by 
SEM and the area of pores was measured by ImageJ program. Three different 
locations were selected in each material for SEM analysis and the results from 
the area of pores in cross-sectional image helped to confirm the density 
measured by Archimedes method. Thereby, the %TD of a green body was 
calculated by shrinkage data and the density sintered at 1200ºC. The data that 
was obtained will be discussed further in Chapter 4. Based on these 
measurements, %TD of each green material was calculated at 53.7% for anode, 
51.8% for electrolyte, and 53.8% for cathode, as shown in Table 3.4.  
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Table 3.4 %TD of green materials 
Material SEM image at 1200ºC 
%TD of a green compact 
SEM analysis Archimedes method 
NiO/CGO 
 
 
 
56.5 53.7 
CGO 
 
 
 
57.2 51.8 
LSCF 
 
 
 
54.4 53.8 
  
Free Sintering 
 
Each layer of materials was prepared by cutting into rectangular 
specimens at roughly 4 mm (W) by 3 mm (L). These samples were located in 
the sample holder as a freestanding structure and leaned on a vertical wall of 
the specimen support. The sintering experiment was carried out by heating up 
to 750ºC with a heating rate of 1ºC min-1. This was done slowly to prevent the 
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standing sample from curving due to binder softening. After finishing binder 
burnout at 750ºC, a heating rate of 3ºC min-1 was applied up to the sintering 
temperature. To obtain a porous structure after the sintering process, the final 
temperature was set at 1200ºC. During the debinding process, shrinkage 
occurred, but it was not considered in this study. From 900ºC and above, the 
shrinkage in the width direction of the sample was monitored by a long-focus 
camera (Infinity K-2), as shown in Figure 3.3. In accordance with the 
assumption of isotropic shrinkage during the sintering process, the densification 
profile can be obtained from linear shrinkage data measured in the width 
direction as follows. 
 
ߩ଴ ଴ܸ = 	ߩ௧ ௧ܸ 																																																									(3.1) 
 
where ߩ଴ is the %TD of a green sample; ଴ܸ is the initial volume; and ߩ௧ and ௧ܸ 
are the %TD and volume at a specific time. As the shrinkage behaviour of the 
sample occurs isotropically along each direction, the volume can be replaced 
by the width of the sample such that 
 
ߩ௧ = 	ߩ଴ 	൬
ݓ଴
ݓ௧
൰
ଷ
																																																						(3.2) 
 
The densification graph is plotted by obtaining the shrinkage change of the 
sample during sintering. 
 
  
Figure 3.3 Schematic of sample preparation in free sintering 
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Vertical Sintering 
 
T-shape samples were prepared by cutting roughly 3 mm (W) by 7 mm 
(L), as shown in Figure 3.4. These samples were hanging on the specimen 
support and shrinkage measurement was monitored along the vertical direction 
by the optical method. The heating condition was the same as in the free 
sintering process. In a vertical sintering, shrinkage behaviour was affected by 
the gravity effect. The applied stress in the vertical sintering was only subjected 
to its own weight. As this stress was very low, it did not affect the microstructure 
during sintering [8].  The densification process can be considered to be linearly 
viscous. In vertical sintering the self-weight is constant during the sintering 
process.  However, this method cannot be used for measuring viscosity during 
the final stages of densification because the strain rates for vertical and free 
sintering are very similar.  
 
  
Figure 3.4 Schematic of shrinkage measurement in vertical sintering 
 
Equation 3.3 was proposed by Cologna et al. [8] for the measurement of 
uniaxial viscosity; ߩ density, ݃ gravity, ܮ sample length, ߝ௩̇ strain rate in vertical 
sintering, ߝ௙̇ strain rate in free sintering. It shows that at similar strain rates the 
viscosity becomes very large.  Prior to the final stages there are measurable 
differences in the two strain rates and a viscosity can be calculated.  The 
difference in strain rates between free sintering and vertical sintering is the key 
influencing factor in the determination of the uniaxial viscosity of the structure 
during co-sintering. 
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ߟ = 	
ߩ݃ܮ
2	(ߝ௩̇ −	ߝ௙̇)
																																										 (3.3) 
 
3.3 In-situ Observation of Curvature Evolution 
 
Curvature measurements were made using the specimens with 3 mm (W) 
x 1 mm (L). These samples were cut from the bi- and triple-layer structures 
assembled by the hot-pressing method and laid on alumina tube supports. 
During co-sintering, in-situ experimental observation of curvature evolution as a 
function of temperature was performed with the bi- and triple-layer structures. 
Bi-layer structures, consisting of NiO/CGO-CGO and CGO-LSCF, have the 
same thickness ratio with 1:3. The co-sintering profile was the same condition 
in free and vertical sintering. During co-sintering, the image of curvature 
evolution of the samples was captured at every 25ºC and the radius of the 
curvature using Equation (2.14). Although undesired curvature evolutions of the 
specimens occurred during the debinding process, this study analysed the 
curvature evolution that occurred from 900°C only.  
 
3.4 Fabrication of a Wavy type SC-SOFC 
 
             The fabrication method of wavy type SC-SOFC was investigated through 
the co-sintering of bi- and triple-layer structures. The triple-layer structure, 
consisting of one layer of anode, three layers of electrolyte and nine layers of 
cathode, was prepared with 35 mm (W) x 35 mm (L) and laid on alumina rods. 
These rods helped the triple-layer structure to form a wavy shape during the co-
sintering process. At 80°C, wavy-shaped triple-layer structures could be formed 
due to binder softening. 
           After completing the co-sintering of the triple-layer structure, the current 
collector was coated on anode and cathode using silver (silver conductive paste, 
Sigma-Aldrich) and cured at 150°C for 20 min. A vertical cylinder was used as a 
single chamber in Figure 3.5 and fabricated cells were located inside the cylinder.  
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Figure 3.5 Test rig of SC-SOFCs 
 
As shown in Figure 3.6, a methane-air mixture was passed through all 
the layers, allowing for electrochemical reactions to take place. As gas mixtures 
of methane and air at high temperature are used for SC-SOFCs, it should be of 
prime concern to find stable conditions for mixtures with respect to the 
explosion and flammability limits. It has been known that the concentration of a 
combustible gas in air plays significant role and methane concentrations in air 
between 5 and 15 vol% gives opportunity for flammability and/or spontaneous 
combustion/explosion [9].   
 
 
Figure 3.6 Schematic of performance test 
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To avoid flammability, the gas mixture was composed with a ratio of 
methane to oxygen (CH4:O2=1:1). The total gas flow rate was 0.6 Lmin-1. The 
operating temperature was 600°C and the reduction process of the NiO was 
carried out at 800°C for 1h with a hydrogen-nitrogen mixture (5 vol% H2 / 95 vol% 
N2). The performance of SC-SOFCs is very sensitive to operation conditions 
such as mixture ratio, temperature, and materials. As this study focuses on 
differences of performance from different shapes between planar cells and 
wavy cells, all operation conditions are fixed with 600°C, 0.6 Lmin-1, and 
CH4:O2=1:1.   
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Chapter 4  
Free Sintering and Vertical Sintering 
 
 
4.1 Results  
 
The shrinkage profiles of NiO/CGO, CGO and LSCF during free and 
vertical sintering are shown in Figure 4.1. It can be clearly seen that there is a 
significant difference in the shrinkage behaviour for each material between free 
and vertical sintering. The shrinkage change during the debinding process was 
subtracted and the dimensional condition of the sample at 900ºC was set as a 
datum reference for shrinkage measurement during sintering. In the early stage 
of sintering, shrinkage behaviour for the free and vertical samples was similar 
up to 1000ºC. After this temperature the free sintering sample shrank faster 
than the vertical sintering sample. During vertical sintering samples are subject 
to a low level of stress derived from their weight. The tensile stresses that arise 
from the loading cause a reduction in the amount of shrinkage that occurs 
during this type of sintering when compared to free sintering [1-3]. The 
shrinkage difference at the final temperature between free and vertical sintering 
was measured as: 0.11 for NiO/CGO; 0.018 for CGO; and 0.008 for LSCF. 
Comparing the shrinkage behaviour of each material between the NiO/CGO 
and CGO, it is seen that the shrinkage of NiO/CGO at 1200°C is greater than 
CGO.  This results from a higher %TD of NiO/CGO. The LSCF sample contains 
particles with a dimension of 1 µm and the shrinkage pattern was different in 
comparison with LSCF with sub-micron-sized particles, which could achieve a 
fully sintered condition at 1200°C. This helps to balance final density of each 
material during co-sintering, so as to enable fabrication of a multi-layer structure 
with similar porosity throughout. 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.1 Comparison of Shrinkage in free and vertical sintering; (a) NiO/CGO, 
(b) CGO, and (c) LSCF 
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With respect to shrinkage of CGO material, Figure 4.2 shows the 
shrinkage differences with NiO/CGO and LSCF during the sintering process. In 
shrinkage, there was little difference in the NiO/CGO-CGO specimen due to the 
great similarity of material properties, but significant difference has occurred in 
the CGO-LSCF specimen. It was expected that higher shrinkage of LSCF 
would lead the curvature evolution of bi- and triple-layer structures at the early 
stage of co-sintering.  
The densification profiles calculated from shrinkage of free sintering are shown 
as a function of temperature in Figure 4.3. The final density of sintered samples 
was measured using the Archimedes method and the results were confirmed 
through comparison with cross sectional images of the sintered samples using 
SEM [4, 5]. After finishing the sintering process, the %TD of samples were 
measured as: 63.9% for NiO/CGO; 61.1% for CGO; and 64.2% for LSCF (again 
using the Archimedes method). The densification graphs show that onset point 
of densification process for the LSCF sample was earlier than the other 
samples by approximately 50°C. However, since the initial particle size of LSCF 
was larger than others, the sintering process was entirely retarded and the final 
density of LSCF was similar to other materials after finishing the sintering 
process [6-8].  
 
 
Figure 4.2 Shrinkage differences of NiO/CGO-CGO and CGO-LSCF 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.3 Densification of each material during sintering; (a) NiO/CGO, (b) 
CGO, and (c) LSCF 
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Figure 4.4 shows cross sectional SEM images of each material that was 
sintered at 1200°C. From the SEM analysis, the porosity of each specimen was 
measured. The measured porosity values were 33.2% for NiO/CGO; 36.9% for 
CGO; and 34.8% for LSCF using the porous area mapping by imageJ program. 
This is consistent with the final densities measured by Archimedes method, as 
shown in Table 4.1. The microstructure of the NiO/CGO and LSCF shows 
larger pores and particle sizes as compared to that of CGO. In addition, the 
sintered samples at 1200°C show overall interconnectivity of the particles and 
partially coarser microstructures. In Figure 4.4 (a), the NiO and CGO were well-
distributed in the anode layer, contributing to interconnection with the electrolyte 
layer during the co-sintering of multi-layer structure. During sintering, third 
phase formation might occur, which influences ionic conductivity and thermo-
mechanical properties during cell operation. To confirm phase changes during 
sintering, XRD analysis of sintered materials was carried out; the results are 
discussed in Chapter 6. 
 
Table 4.1 Comparison of %TD of sintered samples 
 Archimedes method (%TD) SEM analysis (%TD) 
NiO/CGO 63.9 66.8 
CGO 61.1 63.1 
LSCF 64.2 65.2 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.4 Cross sectional images of sintered samples using SEM; (a) 
NiO/CGO, (b) CGO, and (c) LSCF 
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The shrinkage rates of each material in free and vertical sintering are 
shown in Figure 4.5. These graphs were derived from the data presented in the 
shrinkage graphs shown Figure 4.1. The shrinkage rates for samples NiO/CGO 
and CGO show a different behaviour for free sintering compared to vertical 
sintering as shown in Figure 4.5 (a) and (b), whereas the LSCF sample shows 
a similar behaviour for the two sintering methods.  In the case of NiO/CGO, the 
difference of shrinkage rate increased until 1200°C, resulting from the fact that 
NiO particles prevented CGO particles from fusing together during sintering. It 
means that the existence of NiO particle leads to retarded shrinkage behaviour 
of vertical sintering and that the shrinkage behaviour had been influenced by 
the applied stress (due to self-weight) up to the final temperature [9, 10]. For 
the CGO sample as the temperature neared 1200°C the difference in shrinkage 
rates reduced slightly. Possible reasons could include the uniformity of particle 
size and the evolution of the grain structure. As CGO had higher sinterability 
than NiO/CGO at the same temperature, the influence of self-weight was 
decreased in the vertical sintering, resulting in reduction of the difference at 
1200°C. 
In the shrinkage rate of LSCF, a small difference is observed up to 
1075°C and then decreases up to the final temperature. Small tearing of 
hanging tapes during vertical sintering had occurred, due to different ratio of 
additives in LSCF slurry, compared to those of anode and electrolyte tapes. To 
sort out this problem, the sample was reduced to a third of the initial length, but 
the aspect ratio was maintained with respect to anode and electrolyte tapes. 
Overall, there was not a significant difference of shrinkage rate between free 
sintering and vertical sintering. This is attributed to higher sinterability of LSCF, 
compared to CGO at the same temperature [11, 12]. At final temperature, it 
showed that shrinkage rate in free and vertical sintering was almost similar. 
This can be explained with reference to the sample’s own weight no longer 
acting as an applied stress in vertical sintering from 1200°C. In other words, as 
the stress derived from its self-weight in the vertical sintering is too small to 
influence shrinkage retardation, the difference of shrinkage rate is close to zero 
when the %TD of the sample is increased over 70% with higher viscosity.    
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(a) 
 
(b) 
 
(c) 
 
Figure 4.5 Shrinkage rates of samples; (a) NiO/CGO, (b) CGO, and (c) LSCF 
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In the elastic-viscous analogy, the parameters such as Young’s modulus, 
Poisson’s ratio and shrinkage can be replaced with the uniaxial viscosity, the 
viscous Poisson’s ratio and shrinkage rate respectively. Using Equation 3.3 
proposed by Cologna [13], the uniaxial viscosity of the material can be 
measured. During the vertical sintering process, the self-weight acts only as an 
applied stress contributing to the shrinkage behaviour. As it is noted that the 
applied stress results in a very low tensile stress and does not affect the 
microstructure during sintering, this densification process can be considered as 
linearly viscous. Though this stress is constant and continuously applied to the 
sample through the whole sintering process, the method is unable to accurately 
measure the uniaxial viscosity at high density, which results from similarity of 
shrinkage rate between free and vertical sintering. The difference of shrinkage 
rate between free and vertical sintering is the main influential factor that 
determines the uniaxial viscosity of the structure.  
As shown in Figure 4.6, the uniaxial viscosity of each material as a 
function of %TD was calculated from shrinkage rate difference between free 
and vertical sintering. In the early stages of sintering, the viscosity is relatively 
high and then decreases with increasing temperature.  In the latter stages of 
sintering the viscosity increases with increasing density in the high temperature 
range. In this method, the viscosity corresponds to the applied stress over the 
difference of shrinkage rate between free and vertical sintering. But the very low 
applied stress does not affect significant differences in the shrinkage rate at 
very high viscosities (in low temperature or high density). Therefore, initial 
viscosity values in the early stage of sintering can be regarded as an error. The 
uniaxial viscosity of NiO/CGO and CGO shows similar trend depending on 
density. In case of LSCF, the viscosity was low at the early stage of sintering, 
but its rate was high with increasing density due to more active sintering 
behaviour compared to NiO/CGO and CGO.  
For co-sintering bi-layer structures, Cai’s equation was used for 
measurement of stresses and curvature evolution with factors such as 
thickness ratio, viscosity ratio and the difference of strain rate. These were 
calculated by Cologna’s equation and in-situ monitoring of shrinkage 
behaviours. However, these parameters are not fixed during co-sintering. In 
order to ascertain which of the prior factors is dominant in determining stresses 
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and curvature, each of the factors is given a weighting on a scale of 0.8 to 1.2. 
The results are discussed along with curvature evolution of bi-layer structures in 
Chapter 6.   
 
(a) 
 
(b) 
 
(c) 
 
Figure 4.6 Uniaxial viscosity of each material; (a) NiO/CGO, (b) CGO, and (c) 
LSCF 
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4.2 Discussion 
 
Shrinkage behaviour measured by non-contact method 
 
In conventional research, shrinkage behaviour of materials during 
sintering has been measured by using a uniaxial pushrod dilatometer as shown 
in Figure 4.7 [14, 15]. Assuming uniform densification, zero creep and no mass 
loss, the %TD can be calculated using the Equation 4.1. 
 
%	ݐℎ݁݋ݎ݁ݐ݈݅ܿܽ	݀݁݊ݏ݅ݐݕ = 	
ߩ௜ ∗ 100
ߩ௧௛(ܶ) ∗ (	1 +	
݈௦(ܶ)
100 	)
																																				(4.1) 
 
Where: ߩ௜ is the initial density; ߩ௧௛(ܶ) is the theoretical density as a function of 
temperature; and ݈௦(ܶ) is the percent linear change of the sample in the axial 
direction of the pushrod as a function of temperature. Small displacement of the 
thin layer during sintering results in an increased level of difficulty in the use of 
a pushrod dilatometer for shrinkage measurement. 
The shrinkage behaviour of CGO was investigated by pushrod 
dilatometer (NETZSCH dilatometer 402E), prior to the non-contact method. 
Figure 4.8 shows the result of CGO for uniaxial shrinkage measurement during 
sintering.  Figure 4.8 (a) shows the measurements without a CGO layer and the 
Figure 4.8 (b) shows the measurements with a CGO layer. As the thin layer of 
CGO had a 20 µm thickness. As the space for samples was too big to fix the 
thin layer in sample holder, additional alumina spacers were applied for fitting 
the layer in sample holder. A control test without a CGO sample was performed 
four times up to 1440°C with heating rate of 10°C/min, as shown in Figure 4.8 
(a) to eliminate thermal behaviour of the alumina spacers in the test with CGO 
layer. Figure 4.8 (b) shows shrinkage behaviour of CGO layer with spacers 
during sintering. Dash line is temperature profile with linear strain and black line 
is strain variation of the sample during heat treatment. Graph (a) showed 
thermal behaviour of alumina spacer and it was used as a base line to 
determine sintering behaviour of CGO layer from graph (b). In the comparison 
between (a) and (b), it is seen that there is not a significant variation between 
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the layer present and the layer not present. Although the shrinkage behaviour 
of the CGO layer with spacers was detected less than 1 value of strain during 
the process, it was difficult to figure out the shrinkage behaviour and it did not 
seem to be as valid. Hence it is not possible to establish the shrinkage property 
of the thin layer. It was attributed that this was beyond the capability of the 
equipment with a sample of this thickness. A well-known limit of the 
conventional pushrod dilatometers is that they work in contact with the sample 
to analyse. Thereby, the pressure derived from the mechanical system 
influences the deformation of the materials, following that the shrinkage 
analysis is affected and the thin sample is damaged, when the materials soften 
during sintering. This is the reason why non-contact measurement using a long-
focus camera was established in order to investigate the shrinkage behaviour of 
the samples during sintering.   
 
Figure 4.7 Pushrod dilatometer 
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(a) 
(b) 
Figure 4.8 Shrinkage behaviour of CGO measured by Pushrod dilatometer; (a) 
without CGO layer and (b) with CGO layer 
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 Cross sectional images using SEM 
 
The electrolyte layer consisting of smaller particles shows a narrow 
particle size distribution and well-dispersed porous structures. NiO particles in 
the anode layer prevent CGO particles from fusing together during sintering, 
resulting in larger pore size distribution as shown in Figure 4.4. This then would 
impact the connectivity of the particle network causing it to be disconnected and 
isolated, contributing to a reduction of TPBs in a cell. In addition, this may also 
impact the gas mixture flowing through large pores with low probability of 
electrochemical reaction [16-18]. The rough surface of the anode layer is shown 
compared with the electrolyte and cathode. This may influence cracking and 
delamination within the electrolyte layer during the co-sintering of the triple-
layer structure. Compared to the image of NiO/CGO, the cross sectional image 
of LSCF shows larger particles with well-distributed pores. As gas mixture can 
flow through the whole layers, the catalytic selectivity and gas composition near 
TPBs will be very important factors in determining the conversions for 
electrochemical reaction.   
 
Shrinkage Rate 
 
On the basis of shrinkage rate results, the anode and electrolyte 
materials reach to their maximum shrinkage rate at 1200°C, while the cathode 
material showed a rapid declining shrinkage rate at its final stage of sintering. 
As mentioned earlier, the LSCF with larger particles was used to reduce final 
density at 1200°C, resulting in similar porous condition in sintered materials. 
Due to coarse particle size of LSCF, initial shrinkage rate was retarded 
compared to other materials [19, 20]. As the sintering temperature of LSCF is 
lower than other materials, a rapid decreasing pattern is shown along 
increasing temperature. In addition, the gap of shrinkage rate in free and 
vertical experiment shows different behaviours among materials. The pattern of 
shrinkage rate in the anode and electrolyte is similar, but shrinkage process of 
the anode seems to be more active than the electrolyte at 1200°C. It was 
attributed to the fact that NiO particles in the anode affected the sintering 
process to be shifted to higher temperature, resulting in shrinkage retardation. 
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On the other hand, there is not a significant difference between free and vertical 
experiment in the shrinkage rate of cathode layer. The largest difference in 
LSCF was measured between 1050°C and 1100°C. After that, the shrinkage 
rate of LSCF seems to be almost same during the final stage. It means that the 
applied stress from its weight did not affect shrinkage behaviour of the 
specimen during the vertical sintering at a high temperature. It seemed that 
there still remained strong compressive stress of LSCF at lower temperature 
against the gravity in the vertical sintering, compared with other materials.       
 
Characterisation of Uniaxial Viscosity 
 
Various approaches have been developed for determination of 
necessary viscosity parameters through sinter forging, cyclic loading method 
and bar-bending test under the application of external load [21-23]. In order to 
overcome the restrictions of these methods including limited time to avoid 
undesired anisotropy in the microstructure of the sample, uniaxial viscosities of 
the materials were experimentally characterised by in-situ observation of 
shrinkage measurement using optical microscope [24]. In the vertical sintering 
experiment for measurement of the uniaxial viscosity of thin ceramic layers, it is 
demonstrated that the stress magnitude of tensile load derived from its own 
weight with a few tens of millimetres in length during the vertical sintering is the 
order of 0.1 kPa in Cologna’s experiment. Therefore, it can be regarded that the 
self-weight does not affect any microstructural change during sintering. 
The difference of shrinkage rate in free and vertical sintering plays a 
significant role to determine uniaxial viscosity of the material. However, as 
shown in Figure 4.5 (c), the difference was close to zero at later stage of the 
sintering process, resulting in very high viscosity as an error. In this study, as 
final densities were measured less than 70%, this method could be considered 
to determine the uniaxial viscosity of the materials.  
In comparison of uniaxial viscosities, the graphs of NiO/CGO and CGO 
showed slightly increased trend during sintering, while the rate of LSCF was 
rapidly changed as a function of density. It was attributed to higher sinterability 
of LSCF over others at a lower temperature region.  
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4.3 Summary 
 
For fabrication of wavy type SC-SOFC operating in intermediate 
temperature, the materials chosen were NiO/CGO for anode, CGO for 
electrolyte, and LSCF for cathode. To analyse properties of these materials, in-
situ monitoring experiments had been carried out using optical microscope. The 
shrinkage behaviour of the materials was investigated via shrinkage 
measurement along horizontal and vertical direction of the sample up to 1200°C 
during sintering. As the cathode material has a lower sintering temperature than 
others, the material with larger particles was selected to retard densification 
during sintering, so as to balance final density of each material. After finishing 
the sintering process, the final densities were measured using Archimedes 
method. The results were confirmed from image analysis using SEM. The 
porosities calculated from cross sectional images were good agreement with 
the densities measured experimentally. The sintered samples obtained 61%TD 
~ 64%TD, and their microstructural conditions were analysed. Based on 
shrinkage behaviour data that associated to the temperature profile, the graphs 
of shrinkage rate could be drawn and the differences of the rate between free 
and vertical sintering were utilised for calculation of the uniaxial viscosity. The 
pattern of shrinkage rate in the anode and electrolyte material seemed to be 
alike, while the shrinkage rate of cathode material for free and vertical sintering 
were noticeably different.  It could be considered that higher sinterability of 
cathode material leads to faster shrinkage behaviour during sintering compared 
to others, although particles of the cathode material were larger than that of 
other materials.  
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Chapter 5  
In-situ Observation of Curvature Evolution during 
Co-sintering of Bi-layer Structures 
 
5.1 Results 
 
Experimentally, during the co-sintering of bi-layer structures, the 
curvature evolution of structures has occurred due to the different shrinkage 
behaviour and the viscosity variations between the two layers [1-5]. The results 
of curvature observations of bi-layer structures, whilst the total thickness varies, 
but the same thickness ratio was maintained, are shown in Figure 5.1. In-situ 
observation, to monitor the shrinkage of each material and the curvature 
evolution of the bi-layer structures, was carried out using a long focus 
microscope at specific temperatures up to 1200°C. The thickness of the bi-layer 
structures after the hot pressing was approximately 15% less than the sum of 
each green layer. Although some curvature evolutions occurred during the 
debinding stage (up to 700°C), this deformation was not considered in this 
study and only the curvature evolutions were investigated from 700°C to 
1200°C. As the driving force of the deformation during the debinding process is 
only rearrangement of particles by burnout of additives without interactions 
between particles through mass transport, the mechanism of the deformation 
during the process was different from that during the sintering process. 
Furthermore, the deformation during debinding depends on various conditions 
of additives, so it should be investigated separately. From 700°C to 900°C, 
there was little change of curvature in all structures. The use of a curvature at 
900°C as a zero point helped the understanding of curvature evolutions derived 
from sintering mechanisms. As the deformation from the debidning process was 
not considered in Cai’s model, it was reasonable to compare curvature 
evolutions measured experimentally with the theoretical model. A positive 
curvature (which was defined for the curvatures towards the top layer of bi-layer 
structures) was developed from 900°C, when a bi-layer of NiO/CGO (top)-CGO 
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(bottom) was tested. After that, the curvature rate reduced while the maximum 
positive curvature was achieved at 1080°C ~ 1180°C. Then the curvature 
became negative as the bi-layer was curving towards bottom layer for the 
structure with 1:1 ratio. On the other hand, a bi-layer of CGO (top)-LSCF 
(bottom), developed negative curvature in the early stage, then rapidly formed a 
positive curvature after reaching the maximum curvature at 1020°C ~ 1120°C. 
The structures of with 1:1 and 3:3 ratios were severely warped, prior to reach 
the final temperature. So, their curvatures could not be totally included in the 
graph.  In both experiments, it is seen that curvature evolution changed 
gradually towards CGO layer when temperature increases. That was because 
the higher shrinkage rate of the CGO layer during the later stage of sintering 
overwhelms the shrinkage rate of another layer. In addition, the peak point 
(maximum or minimum value) of each curvature was increased and shifted 
towards a higher temperature when overall thickness increases. It was 
attributed to the thinner structure in which the residual stress could be 
expressed easily through macro-deformation and the effect of gravity would be 
less than that of thicker structures, contributing to curvature evolution during the 
co-sintering process. The level of shrinkage mismatch of CGO-LSCF was 
higher than that of NiO/CGO-CGO, and so the curvature rate of CGO-LSCF 
was higher that cause quicker curvature developments as the temperature 
increases. 
The curvature images of the bi-layer structures at 1000°C and 1200°C 
are shown in Figure 5.2. In NiO/CGO-CGO structures, the curvature with 1:1 
layer shows rapid curvature change to bottom layer due to activation of 
shrinkage behaviour in CGO layer between 1000°C and 1200°C. Though other 
structures with 3:3 and 5:5 layers were maintained the curvature towards CGO 
layer at 1200°C, curvature behaviour had been already changed to NiO/CGO 
layer from 1150°C. In case of CGO-LSCF structures, the curvature evolutions 
were occurred towards CGO layer, and then changed to LSCF layer in the later 
stage of co-sintering. As the difference of shrinkage mismatch in CGO-LSCF 
was larger than NiO/CGO-CGO, some samples of CGO-LSCF were rolled at 
1200°C. 
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Figure 5.1 Normalised curvature of bi-layer structure: (a) NiO/CGO-CGO, (b) 
CGO-LSCF 
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1:1 
  
3:3 
  
5:5 
  
Figure 5.2 Normalised curvature images of bi-layer structure; (a) NiO/CGO-
CGO and (b) CGO-LSCF 
 
In the comparison of the normalised curvature rates between Cai’s 
model and experimental results shown in Figure 5.3, it can be seen that the 
curvature rate of bi-layer structures showed similar trends (positive to negative 
rate for NiO/CGO-CGO and vice versa for CGO-LSCF). In case of the 
structures of CGO-LSCF with 1:1 and 3:3 ratios, normalised curvature rate 
could not be calculated due to severe warping. These results describe that total 
thickness as well as thickness ratio should be considered to predict the 
curvature evolution during co-sintering. In the structures of NiO/CGO-CGO, 
higher shrinkage of the NiO/CGO layer led to increased curvature rate of the bi-
layer structures up to 1050°C, then decreased with increasing temperature.  
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Figure 5.3 Normalised curvature rate: (a) NiO/CGO-CGO, (b) CGO-LSCF 
 
Likewise, in CGO-LSCF structures, LSCF layer led initial curvature rate, 
then it was overwhelmed by the sintering behaviour of CGO layer. As the total 
thickness of structure increased, maximum curvature rate was shifted to higher 
temperatures. It is noticeable that some level of discrepancy has developed 
between the theoretical approach using Cai’s model and the experimental 
results by in-situ observation. Different curvature rates were observed for 
thicker samples of the same bi-layer material which had the same thickness 
ratio. This could be attributed to residual stresses at the interface of thicker 
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structures might be different from that of a thin structure, even using the same 
materials with the same thickness ratio [36-38]. In addition, effects due to 
gravity with increasing thickness on the retardation of curvature evolution 
should be considered [9, 10]. Macro-scale deformation can be easily expressed 
in thin structure due to its low stiffness, whereas thicker structures have higher 
tolerance against the deformation. [11, 12]. This effect was not regarded in 
Cai’s model. In the experimental approach, each factor might not be constant 
during co-sintering. For instance, when a curvature occurred, the thickness of 
the layer under compression was respectively thicker than the layer under 
tension. Likewise, the difference of strain rate changed depending on curvature 
evolution state during the co-sintering of the bi-layer structure. So, three 
correlation factors, variable from 0.8 to 1.2, were applied to Cai's data, shown in 
Equation (5.1), to compare with experimental data. The normalised curvature 
rate in Cai’s model consists of thickness ratio, m, viscosity ratio, n, and strain 
rate difference, ∆ߝ̇ . Using three correlation factors, α, β, γ with a range of 
0.8~1.2, the influence of each factor can be investigated on the determination of 
normalised curvature rate, so as to compare experimental data. Three 
corresponding factors in Equation (2.10) is now replaced with αm, βn, and γ∆ߝ̇. 
The modified equation is  
 
݇̇ = 	 ቈ
6(ߙ݉ + 1)ଶߙ݉ߚ݊
(ߙ݉)ସ(ߚ݊)ଶ + 2ߙ݉ߚ݊(2(ߙ݉)ଶ + 3ߙ݉ + 2) + 1
቉ ߛ∆ߝ̇										(5. 1) 
 
The effect of correlation factors is shown in Figure 5.4 along with 
experimental curvature plots. The influence of a correlation factor to the 
thickness ratio is investigated first. The correlation factor α is variable from 0.8 
to 1.2 with a 0.1 increment whilst the β, γ are fixed as 1. A comparison to the 
NiO/CGO-CGO bi-layer structures with their variable total thicknesses (1 ~ 5) is 
given in Figure 5.4a. The factor on thickness ratio influences to increase the 
maximum normalised curvature rate. But, the factor affects little to the 
behaviour of curvature rate after reaching to the maximum point. Similarly, a 
variable β is calculated and shown in Figure 5.4b. The variable β has brought 
only little impact to the curvatures. When the γ is applied with the same variable 
range, the calculated curvatures show not only the increase of the maximum 
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rate, but also faster curvature rate in Figure 5.4c. In summary, the influence of 
correlation factors shows that normalised curvature evolutions in experimental 
data are sensitive to each individual factor which can be variable depends on 
curvature evolution state, whereas all they are constants in Cai’s model. 
As a result, the curvature rate was increased when higher correlation 
factors were applied on thickness ratio and strain rate difference, shown in the 
Figure 5.4. In summary, in the comparison with experimental results, the 
curvature rate of the structure consisting of thicker layers would be vulnerable 
to variation of thickness ratio and strain rate. In case of shift action to higher 
temperature, it depends on the strain rate mismatch between layers and the 
stiffness of each layer (functions of viscosity, viscous Poisson's ratio and 
thickness). 
A sintering process gives rise to different stress levels in each layer. 
Hence there is a mismatch of stresses between layers and the maximum 
sintering mismatched stress occurs at the interface of the bi-layer structure. 
Maximum sintering mismatched stress at the interface of bi-layer structures was 
calculated using Equations 5.1 and 5.2 with experimentally obtained shrinkage 
and curvature rates respectively. 
The results are as shown in Figure 5.5. In the structure of NiO/CGO-
CGO, positive mismatched stress (tensile stress) occurred in the early stages of 
co-sintering and then reversed to become negative stress (compressive stress) 
later in the co-sintering process. Likewise, compressive stress was observed in 
the CGO-LSCF structure and then reversed to tensile stress with increasing 
temperature.  Both graphs show that stress switching points (from tensile to 
compressive or vice versa) are consistent with the peak of the shrinkage graphs. 
As macro-deformation of the structure with increasing thickness was reduced 
during co-sintering, stress variation at the interface was small compared with 
thin structure. During co-sintering the stress mismatch between layers of the bi-
layer structures did not give rise to any significant defects such as cracking or 
delamination. That’s because the driving force of free sintering, called sintering 
stress, was greater than the mismatched sintering stresses occurred during the 
co-sintering process [13].  
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 (a) 
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Figure 5.4 Comparisons of normalised curvature rate between experimentally 
observed results and the calculated results applying correlation factors to the 
Cai’s model 
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Figure 5.5 Sintering mismatch stress of bi-layer structure: (a) NiO/CGO-CGO, 
(b) CGO-LSCF 
 
A total thickness of 4 and 12 layers with different thickness ratio values 
for the bi-layer structure are further investigated for curvature evolution versus 
co-sintering temperature with the results shown in Figures 5.6. The graphs 
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shown in Figure 5.6 (a) for NiO/CGO-CGO structure are for material thickness 
ratios of 1:3; 2:2; and 3:1 with Figure 5.6 (b) showing a tripling of these values.  
 
 
(a) 
 
 
 
(b) 
 
 
Figure 5.6 Curvature evolution of NiO/CGO-CGO bi-layer structures 
 
When one layer is thicker in a bi-layer structure, the through thickness 
shrinkage stress increases, contributing to a reduction of the in-plane shrinkage 
stress during co-sintering. The curvature of the bi-layer structure with a larger 
thickness (Figure 5.6 (b)) is be influenced by the relatively higher in-plane 
shrinkage stress of the thin layer [14, 15]. The thicker bi-layer structures with 
different thickness ratios show a similar trend when compared to Figure 5.6 (a). 
As the total thickness of the bi-layer structures increased the curvature 
evolution behaviour shifted to a higher temperature. The comparison of 
curvature images at 1000°C and 1200°C is shown in Figure 5.7. It should be 
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noted that the debinding process from room temperature to the start of co-
sintering results in a small amount of curvature.  The start of co-sintering is 
considered to be 900°C. 
 
Layers 1000°C 1200°C 
NiO/CGO-
CGO (1:3)   
NiO/CGO-
CGO (3:1)   
NiO/CGO-
CGO (3:9)   
NiO/CGO-
CGO (9:3)   
Figure 5.7 Curvature images of NiO/CGO-CGO bi-layer structure at 1000°C 
and 1200°C 
 
Figure 5.8 shows a similar set of results with CGO-LSCF structure. 
Considering the NiO/CGO-CGO structures the shrinkage of the NiO/CGO layer 
was faster than the CGO layer in the early stages of co-sintering which led to 
the positive curvature of the bi-layer structure i.e. curving towards the NiO/CGO 
layer, regardless of thickness ratios. In the later stages of co-sintering the bi-
layer structures reduced in curvature and eventually were reversed and began 
curving towards the CGO layer for thickness ratios 1:3 and 3:1. The graph 
plotted for the thickness ratio 2:2 was in fact obtained from interpolating the 
experimental results with thickness ratios 1:1 and 3:3 (see Figure 5.1).  These 
numerical results suggest that the shrinkage of the NiO/CGO layer is greater 
than the CGO layer up to 1125°C whereupon the shrinkage of CGO layer 
increases rapidly which leads to a significant curvature change of the bi-layer 
structure towards the CGO layer. On the basis of the results of this structure, 
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consisting of 2 layers NiO/CGO and 2 layers CGO led to experimental 
investigation into the curvature evolution of bi-layer structures with the 
thickness ratios 1:3 and 3:1. When comparing to the 2:2 thickness ratio the 
structure, consisting of 3 layers NiO/CGO and 1 layer CGO, exhibited different 
behaviour with the curvature reducing at a lower temperature. On the other 
hand, the curvature reduction point for the structure, consisting of 1 layer 
NiO/CGO and 3 layers CGO was shifted to a higher temperature. This leads to 
the corollary that the shrinkage of the thinner layer in bi-layer structure is 
significant in determining curvature evolution. 
 
 
(a) 
 
 
 
(b) 
 
 
Figure 5.8 Curvature evolution of CGO-LSCF bi-layer structure 
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In the CGO-LSCF structures, the in-plane shrinkage stress of the thin 
layer in the bi-layer structures was dominant so that curvature evolution 
towards the thin layer was more active during co-sintering. The curvatures of 
CGO-LSCF structures had higher magnitudes than the NiO/CGO-CGO 
structures due to significant differences in the material properties [16]. In the 
case of curvature evolution of the structures with a total of 12 layers, a definite 
trend from different thickness ratio in bi-layer structure is seen in Figure 5.8 (b). 
In all samples, the curvature evolutions were towards the LSCF layer in the 
early stages of co-sintering. The structure, consisting of 3 layers CGO and 9 
layers LSCF, was curved towards the CGO layer from 1050°C and showed a 
curvature change point at 1200°C. In contrast to this the curvature of the 
structure, consisting of 9 layers CGO and 3 layers LSCF, had curvature 
towards the LSCF layer until 1200°C. Figure 5.9 shows curvature images of 
CGO-LSCF structures at 1000°C and 1200°C. The final shapes of CGO-LSCF 
structures with total 4 layers were severely warped or rolled, compared with the 
NiO/CGO-CGO structures.  
 
Layers 1000°C 1200°C 
CGO-LSCF 
(1:3)   
CGO-LSCF 
(3:1)   
CGO-LSCF 
(3:9)   
CGO-LSCF 
(9:3)   
Figure 5.9 Curvature images of CGO/LSCF bi-layer structure at 1000°C and 
1200°C 
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5.2 Discussion 
 
Curvature Evolution of Bi-layer Structures 
 
The difference in shrinkage behaviour between layers during co-sintering 
stems from the materials being chemically different or having different physical 
characteristics that affect the shrinkage behaviour such as initial particle size 
and green density. Therefore, modification of the shrinkage behaviour due to 
the existence of another material in physical contact should be performed to 
meet the compatibility conditions [17]. In the geometrical approach, the 
shrinkage behaviour of the films or multi-layer structures during co-sintering is 
characterised by the much larger in-plane dimensions than the thickness. 
Compared to unconstrained shrinkage behaviour of the two layers, the different 
shrinkage behaviour of the two layers in a bi-layer structure put under the 
constraint of deformation which leads to a variety of defects and shape 
distortion including warping, growth of cracks and delamination.  
Prior to curvature evolution of the bi-layer structure during co-sintering, 
the stress is constant through the thickness direction. The larger the difference 
in shrinkage behaviour between layers results in a higher stress occurred. To 
reduce a higher stress distribution for avoidance of other defects, curvature of 
the bi-layer structure is generated, leading to non-homogeneous stress 
distribution through the thickness direction in the structure (i.e. compressive 
stress at the top surface and tensile stress at bottom surface).  
Unlike the constrained sintering in which high Young’s modulus of the 
substrate and thin layer on the substrate are applied, the geometry including 
the relative thickness of the different layers is an important factor in the co-
sintering process. At the early stage of co-sintering, a low Young’s modulus and 
thicker layer could easily lead the bi-layer structure to cracking or delamination 
by curvature evolution.  
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Thickness Effect 
 
The co-sintering process with the anode and electrolyte has been widely 
utilised in a variety of SOFC research, due to similar characteristic features of 
the materials [18, 19]. In this study, the curvature evolution of the bi-layer 
structure — consisting of the anode and electrolyte — was developed upon the 
co-sintering process. As mentioned previously, various components including 
powder material, binder and dispersant in the tape-casting slurries could induce 
different shrinkage behaviour in the bi-layer structure during co-sintering, 
although similar materials were used. As the thin bi-layer structure had lower 
stiffness than bulky samples, it appeared that the curvature evolution was very 
sensitive depending on the difference of shrinkage behaviour. This derived from 
the fact that the presence of NiO powder in the anode slowed down the 
shrinkage rate. Some experimental results indicate that adding a fraction of fine 
powders to coarser powder helps to reduce the curvature evolution and the 
difference in shrinkage behaviour [20].  
 
Comparison with Cai’s model 
 
On the basis of the properties measured via the optical method, the 
shrinkage rate of bi-layer structures was compared to the results calculated by 
Cai’s model using Equation 5.2. The curvature rate of a bi-layer structure 
depends on the sintering rate mismatch between layers and the stiffness of 
each layer as functions of viscosity, viscous Poisson’s ratio, and thickness. 
Although the inversion of the curvature rate showed a similar pattern, it did not 
express curvature behaviours depending on total thicknesses. This was 
attributed to the different shrinkage behaviour derived from different 
thicknesses under the thickness ratio of 1. It was related to uniaxial viscosity 
and different curvature rates were finally measured. As viscosity does not 
depend on thickness but only on density and temperature, different green 
densities may occur during fabrication of bi-layer structures using the hot-
pressing method [21, 22]. Under the same pressure and holding time, the 
thicker the structure, the higher green density might be reached, due to a 
rearrangement of microstructural compositions. Therefore, a higher green 
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density allowed for a strong sinterability of the materials, resulting in enhanced 
curvature evolution during co-sintering. The mismatched sintering stress was 
calculated using Equation 5.1. It was shown that the stress at the interface in 
the bi-layer structures depended on thickness: usually the thinner the layer, the 
higher the stress.       
 
Thickness Ratio Effect 
 
Different thickness ratios mainly affect differences in viscosity and 
stiffness of the bi-layer structure being tolerant to the deformation derived from 
curvature evolutions [23]. Under the same total thickness condition, the 
curvature evolutions of the bi-layer structure showed improvement of bending 
behaviour, during co-sintering, as compared to thin layer. It was reconfirmed 
that the thinner layer on a substrate with low stiffness had higher stress and 
acted as a considerate determinant for curvature evolution. In comparison to 
thicker bi-layer structures with same thickness ratio, it was found that the 
curvature evolutions shifted to high temperatures due to enhancement of 
stiffness.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5 In-situ Observation of Curvature Evolution  
during Co-sintering of Bi-layer Structures 
Loughborough University 111 
 
5.3 Summary 
 
The curvature evolutions in bi-layer structures, as functions of thickness 
and thickness ratio, were investigated. It is well known that the curvature 
behaviour of the structure is influenced by the difference of viscosities between 
layers, as well as over stiffness. Beyond a critical point during co-sintering, the 
structures may begin to crack or exhibit delamination. Below this point, the 
mismatched stresses derived from the differences of properties between layers 
induce curvature evolution to relax the stresses. The optical observation has 
been carried out to identify macro-deformation behaviour under the conditions 
of thickness and thickness ratios in the structure. The thicker the bi-layer 
structure, the higher the stiffness of the structure. A curvature change point was 
thereby increased and shifted to a high temperature. In addition, compared to 
Cai’s model, a similar curvature rate pattern was shown. However, different 
curvature evolutions depending on total thicknesses developed due to 
increased initial green density caused by the hot-pressing method. In the 
graphs of mismatched sintering stress, it was definitely shown that the thinner 
structure showed higher stress at the interface. In the results comparing 
different thickness ratios, the shrinkage stress of the thinner layer was a main 
factor for determining the curvature behaviour of the bi-layer structure. The 
characteristic of curvature evolution in thin structures was similar to the 
curvature results found in thicker structures.    
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Chapter 6  
In-situ Observation of Curvature Evolution during 
Co-sintering of Triple-layer Structures 
 
 
6.1 Results 
 
The curvature evolutions of triple-layer structures are shown in Figure 
6.1. The total number of tape-casting layers used for the structures were from 5 
layers (NiO/CGO-CGO-LSCF with 1:3:1 layers) to 21 layers (NiO/CGO-CGO-
LSCF with 9:3:9 layers). Through the comparison of graphs, it is observed that 
a definite curvature trend of triple-layer structures occurred from 1025°C. As 
with the curvature patterns of bi-layer structures, the onset points of curvature 
evolution in thicker triple-layer structures were shifted towards a higher 
temperature range due to the increase of stiffness against curvature 
development [1, 2]. Considering the curvature evolutions of the bi-layer 
structures with NiO/CGO (top) – CGO (bottom) or CGO (top) – LSCF (bottom), 
they were mostly biased towards the top layer at 1200°C. The magnitude of 
curvatures of CGO-LSCF structures was higher than NiO/CGO-CGO structures. 
This was attributed to the fact that the mismatch of shrinkage behaviour at the 
interface in CGO-LSCF structures was larger than that of the NiO/CGO-CGO 
structures. This followed from the final curvature shapes of the triple-layer 
structures (NiO/CGO (top) | CGO | LSCF (bottom)) being formed at the top 
layer, especially towards NiO/CGO layer. In various thickness compositions, 
only the structure, consisting of 1 layer for NiO/CGO, 3 layers for CGO, and 9 
layers for LSCF, was significantly curved towards the LSCF layer at the final 
temperature. In the case of curvature evolutions of bi-layer structures, such as 
NiO/CGO-CGO with 1:3 layers, and CGO-LSCF with 3:9 layers, both structures 
demonstrated curvature evolution towards the LSCF layer at 1200°C. This trend 
was reflected to the curvature pattern of the triple-layer structure, consisting of 
NiO/CGO-CGO-LSCF with 1:3:9 layers during co-sintering. Although the 
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curvature evolution of the electrolyte layer was affected at the same time by the 
anode and cathode layer during the co-sintering of the triple-layer structure, and 
total stiffness was increased compared to bi-layer structures, there were no 
barriers to determine the final curvature biased to the cathode layer. This shows 
behaviour paralleling that of the bi-layer structure curvature directions, 
depending on temperatures during co-sintering. 
The thickness effect for curvature development during the co-sintering of 
triple-layer structure was clearly demonstrated in Figure 6.1 (a, b, d) and (f, g, 
h). The number of NiO/CGO layers was used as an important variable for 
comparison. As the thickness of the NiO/CGO layer increased in the triple-layer 
structure, the stress for curvature towards the NiO/CGO layer decreased, 
contributing to the increase of curvature evolution to the LSCF layer at the final 
temperature. In addition, high stiffness caused by a thicker structure reduced 
the magnitude of curvature evolution. As discussed in Chapter 5, it was shown 
that a thin layer among three component layers acted as a dominant factor for 
the determination of the curvature evolution of a triple-layer structure [3, 4]. 
In Figure 6.1 (c) and (e), different thickness of the electrolyte layer was 
applied to decide curvature evolution of the triple-layer structure. Under these 
conditions, the curvature evolution of bi-layer structures was reflected and 
conflicted with each other during the co-sintering of the triple-layer structure. As 
the stress for curvature of the CGO-LSCF structure was larger than that of 
NiO/CGO-CGO structure, the entire curvature pattern of the triple-layer 
structure was obligated by a dominant curvature evolution of CGO-LSCF bi-
layer structures. The CGO-LSCF structure showed severe curvature evolution 
during co-sintering, although its curvature pattern was not directly reflected to 
the curvature of the triple-layer structure due to an increase in overall stiffness  
and the interaction with the electrolyte layer [5, 6].  
In comparisons of the triple-layer structures having same thickness with 
different thickness ratios, Figures 6.1 (c, g), (b, e), and (d, f) show the effect of 
thickness ratios for curvature evolution of triple-layer structures. It was clearly 
shown that if the thickness of one layer was already fixed among three 
component layers, the thickness ratio of the other layers played an important 
role for curvature evolution of the triple-layer structure. In other words, the 
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thinnest layer in a triple-layer structure played a significant role for determining 
curvature evolution during co-sintering [7, 8].  
 
 
 
Figure 6.1 Curvature evolutions of triple-layer structures under different 
thickness (ratio) conditions 
 
Prediction of Curvature Evolution of a Triple-layer Structure based on Bi-
layer Curvatures 
 
The curvature prediction of triple-layer structures was calculated based 
on the sum of bi-layer structure curvatures, described in Chapter 5. These 
results were compared with experimental curvature observations of triple-layer 
structures, consisting of the same structural conditions as in bi-layer structures. 
Figure 6.2 ~ 6.9 show comparisons of curvature evolution between calculated 
prediction and experimental observation of the triple-layer structure.   
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Case I – Thickness ratio (1:3:1) 
 
The curvature comparison of NiO/CGO | CGO | LSCF with 1:3:1 layers is 
shown in Figure 6.2. The curvature prediction derived from bi-layer structures 
and the experimental observation of the triple-layer structure show similar trend 
up to 1100°C, showing curvature towards the LSCF layer. After 1100°C, the 
prediction line was significantly curved to the NiO/CGO layer due to a higher 
curvature evolution of the CGO-LSCF structure with increasing temperature. 
Although the stiffness of the bi-layer structure against curvature development 
during co-sintering was different from the triple-layer structure, the curvature 
evolution of the triple-layer structure was nevertheless predicted to curve 
towards the NiO/CGO layer at the final temperature. In the experimental result 
of curvature evolution for triple-layer structures, the changing point of curvature 
direction occurred at 1100°C, in accordance with the curvature prediction. 
However, the curvature of the triple-layer structure did not rapidly change 
towards the NiO/CGO layer and remained constant up to 1200°C. A possible 
reason for the curvature evolution of triple-layer structure showing different a 
pattern as compared to the sum of bi-layer structures may be the increase of 
total thickness, relating to mechanical stiffness, interaction of the CGO layer 
and stress distribution derived from different microstructures in the thicker 
structure [9-11].      
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Figure 6.2 Curvature prediction calculated from bi-layer structures and 
experimental results of triple-layer structure, consisting of NiO/CGO-CGO-
LSCF with 1:3:1 layers 
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Case II – Thickness ratio (3:3:1) 
 
Figure 6.3 shows curvature results of NiO/CGO | CGO | LSCF with 3:3:1 
layers. In the curvature evolution of the NiO/CGO-CGO structure with 3:3 layers, 
the thickness ratio and increased total thickness leaded to reduce curvature 
evolution towards the NiO/CGO layer as compared to that of the NiO/CGO-
CGO with 1:3 layers. As there was little influence of the NiO/CGO-CGO for 
determination of curvature evolution of the triple-layer structure, curvature 
prediction of the triple-layer structure was shown to be similar up to 1100°C and 
severe curving of the CGO-LSCF structure from 1100°C was shown in Figure 
6.2. On the other hand, experimental results showed continuous curvature 
evolution to the NiO/CGO layer with increasing temperature. The stress derived 
from the shrinkage behaviour of the LSCF layer in the triple-layer structure 
acted as a leading factor for curvature evolution. Even though the triple-layer 
structure with 3:3:1 layers had higher stiffness than that of the triple-layer 
structure with 1:3:1 layers, it showed a higher curvature evolution with 
increasing temperature. As discussed above in curvature evolution of the bi-
layer structures, the thinner layer in the triple-layer structure had higher stress, 
contributing to curvature development of the structure during co-sintering. In 
addition, as material properties of the NiO/CGO layer were almost similar to the 
CGO layer, increased thickness of the NiO/CGO layer made an effect that a 
ratio of the thickness of the LSCF layer to total thickness was relatively reduced. 
The stress of the LSCF layer was thereby increased, resulting in curvature 
evolution toward the LSCF layer with increasing temperature.  
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Figure 6.3 Curvature prediction calculated from bi-layer structures and 
experimental results of the triple-layer structure, consisting of NiO/CGO-CGO-
LSCF with 3:3:1 layers 
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Case III – Thickness ratio (3:9:3) 
 
The curvature evolution of NiO/CGO | CGO | LSCF with 3:9:3 layers is 
shown in Figure 6.4. This structure consisted of a total of 15 layers and 3 times 
the thickness condition as compared to the structure with 1:3:1 layers in Figure 
6.2. As the thickness of the bi-layer structures increased with the same 
thickness ratio, the curvature evolution of the triple-layer structure initiated at a 
higher temperature and had a slightly increased magnitude. As the thickness of 
the bi-layer structures consisting of the triple-layer structure increased, a severe 
curvature change was not found, as compared to the curvatures of bi-layer 
structures shown in Figure 6.2. The curvature prediction of the triple-layer 
structure from the sum of curvatures of bi-layer structures was shown to curve 
towards the LSCF layer during co-sintering. The experimental observations of 
the triple-layer structure displayed good agreement with the predicted values in 
this thickness condition. The curvature prediction increased its curvature 
behaviour towards the LSCF layer up to 1175°C and then reduced due to 
curvature evolutions of the bi-layer structures. However, experimental results of 
the triple-layer structure showed curvature behaviour towards the LSCF layers 
up to 1200°C. Even though there was quantifiable difference at the final 
temperature, both graphs show similar curvature evolution during co-sintering. 
Given that the graphs for the predictions show close correlation with the 
experimental results, this may indicate that moderate stress distribution 
occurred, resulting in less vulnerability to radical microstructural change during 
the co-sintering process. 
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Figure 6.4 Curvature prediction calculated from bi-layer structures, and 
experimental results of the triple-layer structure, consisting of NiO/CGO-CGO-
LSCF with 3:9:3 layers 
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Case IV – Thickness ratio (9:3:1) 
 
Figure 6.5 shows curvature evolution of a triple-layer structure, 
consisting of NiO/CGO | CGO | LSCF with 9:3:1 layers. On the basis of the 
effect of the thickness ratio in bi-layer structures, curvature evolution of the 
triple-layer structure was expected to curve towards the NiO/CGO layer at the 
final temperature, while the curvature change in the prediction graph occurred 
at 1125°C. However, in the experimental observations, the curvature evolution 
developed towards the LSCF layer until 1200°C, without change of curvature 
direction. This was attributed to the thin LSCF layer and to a higher stiffness of 
the thicker structure, allowing the curvature change point to shift to a high 
temperature. In the case of severe curvature patterns occurring in the bi-layer 
structures, the prediction derived from curvatures of bi-layer structures did not 
match up with the experimental result of the triple-layer structure due to 
increased stiffness and thickness ratio in the triple-layer structure.  
 
 
 
 
Figure 6.5 Curvature prediction calculated from bi-layer structures and 
experimental results of the triple-layer structure, consisting of NiO/CGO-CGO-
LSCF with 9:3:1 layers 
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Case V – Thickness ratio (3:1:3) 
 
The curvature evolution of NiO/CGO | CGO | LSCF with 3:1:3 layers is 
shown in Figure 6.6. Prior to curvature observations of the triple-layer structure, 
it could be ascertained that the prediction graph for the triple-layer structure 
would not be available due to severe curving point occurring at 1050°C. 
Although the opposing curvature direction of the bi-layer structures 
compensated for each other in the triple-layer structure during co-sintering, the 
curvature of the triple-layer structure from 1000°C was curved towards the 
NiO/CGO layer due to the curvature evolution of the CGO-LSCF structure. 
However, in the experimental result of the triple-layer structure, there was no 
significant curvature change of the structure, maintaining the curvature towards 
the LSCF layer until the final temperature. It was attributed to increased 
stiffness and non-homogenous stress distribution of the CGO layer behaviour 
interacting with both layers (NiO/CGO and LSCF) during co-sintering [12, 13]. 
 
 
 
 
Figure 6.6 Curvature prediction calculated from bi-layer structures and 
experimental results of the triple-layer structure, consisting of NiO/CGO-CGO-
LSCF with 3:1:3 layers 
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Case VI – Thickness ratio (1:3:9) 
 
In the triple-layer structure with 1:3:9 layers shown in Figure 6.7, the 
prediction result was in excellent agreement with the experimental observations 
during co-sintering. The thicker LSCF layer was applied to avoid severe 
curvature evolution towards the LSCF layer during co-sintering. As a result, the 
prediction was able to closely follow the experimental result. Regarding the 
effect of the thickness ratio, the curvature of the triple-layer structure was 
expected to be curved towards the NiO/CGO layer, corresponding to the 
prediction calculated from the bi-layer structures. In addition, since the 
experimental result was well matched to the prediction, moderate stress 
distribution of the triple-layer structure during co-sintering may have a minimal 
impact on microstructural deformation during curvature change.  In this 
experiment, it was attributed that the thin NiO/CGO layer caused the structure 
to be entirely curved to the LSCF layer. Although the curvature rate between 
the prediction and the experimental result at 1200°C was slightly divergent, due 
to shift in motion of the thicker structure, it could still be demonstrated that the 
curvature behaviour of the prediction was similar to that of the experimental 
results of the triple-layer structure during co-sintering.  
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Figure 6.7 Curvature prediction calculated from bi-layer structures and 
experimental results of the triple-layer structure, consisting of NiO/CGO-CGO-
LSCF with 1:3:9 layers 
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Case VII – Thickness ratio (3:3:9) 
 
Even though there were no severe curvatures of the bi-layer structures 
due to increased thickness during co-sintering, the experimental result showed 
different curvature patterns as compared to the prediction of bi-layer structures, 
as shown in Figure 6.8. Unlike the structure in Figure 6.7, there was no 
relatively dominant layer of the structure during co-sintering, so curvature did 
not tend towards any particular layer. Furthermore, enhanced stiffness from the 
15 layers used for the structure inhibited extensive curvature. For these 
reasons, the activity for curvature evolution of the triple-layer structure was 
weak and did not match up with the prediction. 
    
 
 
 
Figure 6.8 Curvature prediction calculated from bi-layer structures and 
experimental results of the triple-layer structure, consisting of NiO/CGO-CGO-
LSCF with 3:3:9 layers 
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Case VIII – Thickness ratio (9:3:9) 
 
The curvature evolution of NiO/CGO | CGO | LSCF with 9:3:9 layers is 
shown in Figure 6.9. The structure consisted of 21 layers and was the thickest 
structure among the samples. The structure was 3 times thicker as compared to 
the result in Figure 6.6. Due to increased thickness, there was no severe 
curvature evolution of the prediction from the bi-layer structures during co-
sintering. However, the experimental observation of the triple-layer structure 
was not in agreement with the prediction. The increased thickness of the 
structure leads the curvature behaviour to be moved to a high temperature. The 
stresses for curvature evolution in bi-layer structures compensated each other 
in the triple-layer structure and did not significantly affect the curvature 
evolution of the structure up to 1200°C.  
 
 
 
 
Figure 6.9 Curvature prediction calculated from bi-layer structures and 
experimental results of the triple-layer structure, consisting of NiO/CGO-CGO-
LSCF with 9:3:9 layers 
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Various curvature behaviours of the triple-layer structures related to 
thickness (ratio) parameters during co-sintering were investigated through in-
situ monitoring of curvature evolutions in bi- and triple-layer structures. Among 
them, potential structures were decided for a zero-deflection condition. Figure 
6.10 shows two curvature graphs corresponding to the prediction, expected to 
show moderate stress distribution for a minimum of microstructural deformation 
during co-sintering. In other words, the curvature evolution of the triple-layer 
structure followed along the curvature prediction calculated by the sum of the 
curvatures of the bi-layer structures, which leads to a reduction in stress 
variation of the structures, resulting in elimination of cracking during co-sintering. 
During the cooling process, the shape of the triple-layer structures could 
develop curvature towards the LSCF layers, due to the higher thermal 
expansion coefficient of the LSCF. Among various conditions, the triple-layer 
structure with 1:3:9 layers (for anode, electrolyte and cathode respectively) was 
selected for zero-deflection condition in order to fabricate a wavy triple-layer 
structure during co-sintering. The negative curvature towards LSCF layer was 
dominant till around 1100˚C where the LSCF layer shrank faster than CGO and 
NiO/CGO. The curvature was then changed to the NiO/CGO layer with 
increasing temperature due to the overwhelming sintering kinetics of NiO/CGO 
and CGO. Although there remained curvature evolution towards NiO/CGO layer 
at the final temperature of the co-sintering process, it could be compensated by 
higher thermal expansion coefficient of LSCF during the cooling process. This 
experimental condition was applied to fabricate wavy structures from initially flat 
structures. On the other hand, the curvature of the structure with 3:9:3 layers 
was forced to curve towards the LSCF layers at the end of the co-sintering 
process. 
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Figure 6.10 Curvature evolutions for zero-deflection of triple-layer structures 
 
XRD analysis was used for confirmation of third phase formation at 
interfaces of the triple-layer structure during co-sintering, as shown in Figure 
6.11. Since the formation of third phase materials increases unidentified 
impurity that can degrade electrochemical performance and mechanical 
property, it is necessary to evaluate third phase formation of materials during 
co-sintering [14, 15]. In-situ XRD analysis could not be applied for the 
measurement of third phase materials at interfaces in triple-layer structures, 
due to the limitations of X-ray penetration. Instead, powder mixtures were used 
to determine if third phase formation between reference materials had occurred 
during co-sintering. The results were shown as reference materials in Figure 
6.11 (a) for anode, (b) for electrolyte, and (c) for cathode. These data were 
compared to the result of mixture materials shown in Figure 6.11 (d) for 
reactions at the interface between anode and electrolyte layers, and (e) for 
reactions at the interface between electrolyte and cathode layers. As the 
sintering process was carried out in atmospheric conditions, the materials 
remained as an oxide form after the completion of the process. Compared with 
reference peaks and mixture peaks, it is demonstrated that the result shows no 
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existence of third phase formation of materials at interfaces in the triple-layer 
structure during the co-sintering process. This was attributed to particle size 
difference between CGO (d50: 0.3 µm) and LSCF (d50:1.0 µm) and co-sintering 
temperature (less than a temperature for fully dense structures), affecting a 
smaller portion of the activated grain boundary. This shows that the materials 
used for the triple-layer structure were stable during the co-sintering process.   
 
 
 
 
Figure 6.11 XRD results of materials used for the triple-layer structure for (a) 
NiO/CGO; (b) CGO; (c) LSCF; (d) mixture of NiO/CGO and CGO; and (e) 
mixture of CGO and LSCF 
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6.2 Discussion 
 
Curvature Evolution of Triple-layer Structures 
 
During the co-sintering of the triple-layer structures, the layers were 
rigidly assembled and the mismatch in stresses between layers occurred based 
on differences in the elastic-viscous material properties including thermal 
expansion, shrinkage rate and uniaxial viscosity. As discussed in Chapter 5, the 
curvature behaviour of the triple-layer structures was mainly affected by the 
behaviour of the electrolyte-cathode bi-layer structure and the presence of a 
relatively thin layer among three component layers. When comparing curvature 
evolutions in bi- and triple-layer structures, the curvatures of triple-layer 
structures were not matched up with the prediction derived from the curvatures 
of the bi-layer structures. One of the influential factors for this may be the 
pressure condition for the fabrication of triple-layer structures. Since the same 
pressure condition was applied to all structures, a relatively higher pressure 
was applied to the thicker structures, contributing to higher initial density. Li et 
al. [16] suggest that the higher compaction pressure, the larger the curvature of 
the sintered structure. In addition, it was noted that the structures compacted 
under high pressure conditions displayed a bubbling phenomenon, resulting 
from decreased gaseous diffusivity during binder decomposition. Higher 
compaction pressure may increase contact probability of particles as well as the 
stiffness of the structure against macro-deformation during co-sintering [17, 18]. 
These factors could influence the different shrinkage behaviour of each material 
in triple-layer structures, contributing to different curvature evolutions during co-
sintering. In consideration of the characteristics of the tape-casting layer, non-
homogenous particle size distribution in the thickness direction may lead the 
triple-layer structures to have different curvature developments as increasing 
temperature [19, 20]. When the tape-casting method was used for a single layer, 
particle sedimentation during drying could lead the top side of a single layer to 
have smaller particles than the lower side. This was related to the shrinkage 
occurring at a slower rate at the top side than at the lower side during sintering. 
Different sized particle compositions in the thickness direction may affect 
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mismatch stress distribution for the determination of curvature development 
during the co-sintering of the triple-layer structure.   
 
Zero-deflection condition during the co-sintering of the triple-layer 
structure 
 
The shrinkage behaviour of a tape-casting layer is mainly determined by 
a variety of valuables such as initial density, thickness, particle size and 
distribution. Once these tape-casting layers are assembled to create a 
multilayer structure, the shrinkage behaviour of the structure is comprehensive, 
with the layers affecting each other during co-sintering. In case the shrinkage 
stress of one layer in a triple-layer structure is significantly greater with respect 
to the other layers and beyond critical point during co-sintering, the structure 
may be induced to warp or crack. Through in-situ observation, the curvatures of 
several structures were monitored and two cases were chosen for a zero-
deflection condition. Since both cases were closely matched to the prediction 
calculated from the average of the bi-layer curvature evolutions, it is possible to 
consider that the moderate stress distribution in the triple-layer structure 
occurred during curvature development to inhibit severe defects such as 
abnormal microstructure and cracking [21]. The in-situ monitoring was only 
carried out to measure the curvature of the structures up to 1200˚C , excepting 
the cooling process. In order to assure the final shape of the structure at room 
temperature, these structures should be investigated for curvature change from 
different thermal expansion coefficients among materials during the cooling 
process [22]. Since the thermal expansion coefficient of the LSCF is generally 
known to be higher than that of the other materials, the shrinkage of the 
cathode layer is expected to increase, followed by a curving towards the LSCF 
layers. Considering this shrinkage effect in the triple-layer structure during the 
cooling process, the structure with the 1:3:9 layers appears to be in good 
agreement with a zero-deflection condition. On the other hand, the structure 
with the 3:9:3 layers is expected to be curved further towards the LSCF layer, 
resulting in the accelerated warping of the structure. Regarding the shrinkage 
process by thermal expansion of the materials, the stiffness of the structure 
may affect the curvature change. Although a thicker structure is beneficial for 
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the reduction of curvature evolution due to increased stiffness during the 
cooling process, it may compromise the structure by facilitating deviant or 
undesired curvature, as well as cracking, during co-sintering.  
 
Third phase formation at interfaces of the triple-layer structure 
 
During the co-sintering of the triple-layer structure, the XRD result 
showed that the formation of third phase material had not occurred at the 
interfaces of the structure. On the basis of the final density of the materials, it 
could be suggested that the main mechanism that causes bonding is diffusion 
during co-sintering. In order to produce third phase material, a rearrangement 
of the material for new connection after disconnection of the existent bonding 
should be required. This process can easily occur under the condition that the 
sintering temperature is lower than the melting point of one material among the 
material components. In case the differences of sintering temperature between 
materials are larger during the co-sintering process, third phase formation may 
occur [23]. In this respect, the absence of third phase formation at the 
interfaces of the triple-layer structure may be attributed to reduced differences 
of sintering temperatures between materials, resulting from the use of a smaller 
sized CGO and a coarse particle sized LSCF for the adjustment of their 
sinterability during the co-sintering process. As the atoms are not compatible in 
a mixed lattice under the condition that the co-sintering temperature of the 
triple-layer structures is less than a temperature for third phase formation, it 
may be difficult to produce third phase material at the interface of the triple-
layer structure during the co-sintering process.  
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6.3 Summary 
 
The triple-layer structures were investigated for curvature evolutions 
during co-sintering through an in-situ monitoring method. It is emphasised that 
the process for determination of curvature evolution in triple layer structures 
incurred greater complications and complexity than for the corresponding bi-
layer cases. As the sintering behaviour of CGO layer in the triple-layer 
structures was influenced by both NiO/CGO and LSCF layers simultaneously, 
the mechanism to determine curvature evolution in triple-layer structures 
became more complicated. It can be demonstrated that curvature behaviour, for 
which thinner layer is dominant for curvature evolution in bi-layer structures, is 
identical to curvature evolution of triple-layer structures during the co-sintering 
process. As the stiffness of triple-layer structures against curvature evolution 
was higher than bi-layer structures, there was no drastic change of curvature 
evolution during the co-sintering process. From the experimental observations, 
the prediction of the triple-layer structures was feasible in the condition that 
there was no severe curvature evolution during the co-sintering process of the 
bi-layer structures. In addition, the stiffness of the structures should be 
regarded as one of the influential factors affecting curvature evolution of thicker 
structures, resulting in retardation of curvature change. It was shown that the 
thicker the structure, the higher temperature required for the changing point of 
curvature direction. Some curvature predictions of triple-layer structures 
calculated from bi-layer structures were not consistent with the experimental 
observations of the structures. This was due to different conditions such as 
thickness, stiffness, initial density and microstructural status. Two of the cases 
showed good agreement between the prediction and the experimental results, 
regarding stable condition for stress variation occurring by dimensional change 
from the bi-layer to the triple-layer structure. For fabrication of a zero-deflection 
structure, the shrinkage behaviour from thermal expansion of materials during 
the cooling process should be considered. After completing the whole process, 
the analysis of XRD was carried out to investigate the formation of third phase 
materials at the interfaces of the triple-layer structure. As there was no 
confirmed existence of third phase material at the interfaces, the materials used 
for the triple-layer structure could be considered demonstrably stable and the 
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suitable candidate materials for the fabrication of a triple-layer structure using 
the co-sintering process for SC-SOFC applications.          
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Chapter 7  
Fabrication of a Wavy type Porous Triple-layer SC-
SOFC 
 
 
7.1 Results 
 
Curvature evolution of a Wavy SC-SOFC 
 
A fabrication of wavy type SC-SOFC was carried out utilising the 
previously suggested co-sintering condition for a zero-deflection structure. 
Figure 7.1 shows the wavy type SC-SOFC; a planar green triple-layer structure 
is laid on supporting rods at room temperature, Figure 7.1 (a). The structure 
could be deformed as pre-curved structures at 80°C, Figure 7.1 (b), by 
structural flexibility due to binder softening. An optical image of the co-sintered 
wavy type SC-SOFC is shown in Figure 7.1 (c). This pre-shaped structure was 
heated up to 1200°C followed by a cooling process rate of 3°C min-1. Although 
the curvature of the wavy structure evolved during co-sintering as with 
curvature monitoring of the planar structures, the shape of the structure at the 
final temperature of co-sintering was confirmed, via experimental observation, 
to maintain its initial wavy shape. After the cooling process, the final shape of 
the structure was slightly curved towards the NiO/CGO layer, as shown in 
Figure 7.1 (c). Compared with curvature evolution in co-sintering of the planar 
triple-layer structure, different stress distribution near alumina rods in the wavy 
structure can be mainly attributed to curvature evolution during co-sintering. 
Especially, the deformation of the structure on the rods during debinding 
process leaded non-uniformity of micro structural condition at the early of the 
co-sintering process. In addition, when fabricating the multi-layer structure via 
the hot pressing method, anisotropy might have been induced into the structure 
during the process. 
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Microstructure of layers in the wavy type SC-SOFC was examined using 
SEM, shown in Figure 7.2. It shows the results of the triple-layer structures; (a) 
~ (c) for wavy structure, (d) for planar structure, (e) wavy structure at interface 
between the anode and the electrolyte layer, and (f) wavy structure at the 
interface between the electrolyte and the cathode layer. It is shown that all 
layers have porous structure with %TD of 0.7 and the structure has a 175±
2µm total thickness (16 µm for anode, 37 µm for electrolyte, and 122 µm for 
cathode). The sintered condition at interfaces indicated that a good connection 
between layers had been preserved. Figure 7.2 (e) showed that CGO particles 
in the electrolyte layer was sintered to fusion with the CGO particles of the 
anode layer, enabling an enhancement of the effective electrochemical reaction 
area in the anode layer for an electrochemical reaction in the methane-air 
mixture during operation. In addition, pore size of LSCF is larger than others. 
As it is well known that sintering temperature of cathode material is lower than 
that of anode or electrolyte material, LSCF with coarse green particle was used 
to match the final porosity of each material after co-sintering. Besides, images 
are evidently showing the similarity between two cells’ microstructure in general, 
like average component thicknesses, average porosities etc. Interestingly, there 
are small level of differences in microstructure of wavy cell, i.e. anode layer 
thickness and anode porosities between Figure 7.2 (a) ~ (c), where images 
were taken from the convex area, flat area and concave area respectively. 
These subtle differences were generated during the co-sintering process 
(anode layer was compressed in Figure 7.2 (a) whilst the same layer was under 
tensile stress in (c)), and so can contribute to the local variation of gas flow and 
fuel to oxygen ratios.  
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Figure 7.1 Wavy SC-SOFC images; (a) at room temperature before the co-
sintering process, (b) at 80°C during co-sintering, and (c) at room temperature 
after the co-sintering process 
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(a) (b) 
(c) (d) 
(e) (f) 
Figure 7.2 Cross-sectional image of wavy SC-SOFC; (a) ~ (c) for the wavy 
structure, (d) for the planar structure, and (e, f) for SEM images of wavy 
structure at the interfaces 
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Performance Test 
 
 The polarisation curve was investigated at 600°C, shown in Figure 7.3. 
The OCV and maximum power density of the wavy SC-SOFC were measured 
as 0.39 V and 9.7 mW cm-2 under the condition of methane-air mixture (CH4:O2 
= 1:1), whereas the planar SC-SOFC generated 0.15V and 1.8mW cm-2. It is 
well known that performance of SC-SOFC is sensitive to the operational 
conditions, particularly to temperature and to the fuel to air ratio, and 
considering that, performance of the planar SC-SOFC seems reasonable [1-3]. 
The 2.6 times higher OCV and the 5.4 times higher maximum power density 
from the wavy SC-SOFC over the planar SC-SOFC were apparently attributed 
that the wavy cell has 7.1% higher effective cell area for a given area defined 
by the cell perimeter (geometric projected area). In addition, the performance 
difference can be explained that the cell shapes influenced gas flow through the 
wavy cell. A wavy shape could lead to an increase in gas flow, enhancing the 
effective gas diffusion.  
 
 
 
 
Figure 7.3 Performance comparisons with the wavy and planar cell 
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 Some researchers have investigated the local transport characteristics 
inside curved SOFCs, such as the gas concentration distribution, the over 
potential distribution, and the current density distribution, showing a different 
pattern with that of a planar SOFC [4-6]. This was attributed to the cell shapes 
influencing gas flow. It is suggested that a wavy shape could lead to an 
increase in gas flow, enhancing the effective gas diffusion. The vortex of the 
gas flow from wavy shape may increase transportation rate between the 
reactant and product gases, delivering increased utilisation rate of TPBs. 
Thereby enhanced transportation rate of gases due to different microscopic 
structures at the interfaces of the wavy cell may help provide higher 
performance. Furthermore, compared to the planar cells, the wavy cell should 
have different pore shape, orientation and interconnectivity influenced by the 
induced stress developed on each component during co-sintering, particularly 
at around the point of centraflexure where stress concentration could have 
occurred to elevate such microstructural differences. The level of influence 
caused by different microstructure to the higher performance output is being 
investigated further to identify the inter-relationships between microstructure 
and performance. 
Table 7.1 shows various results of SC-SOFCs depending on parameters 
such as materials used, temperature, gas flow rate, and structural property. The 
parameters affecting cell performance are examined further under the 
discussion section. Although the performance of the wavy cell was higher than 
that of the planar cell in this study, the performance of both cells were relatively 
low value compared to the data of other references. To verify the reliability of 
the performance test for future study, the chamber diameter of test rig, greater 
than sample size, should be reduced to increase fuel utilisation during cell 
operation. In addition, as this fabrication process was aimed to make a wavy 
stack cell as a flow-through type SC-SOFC, a cell housing for a wavy SC-SOFC 
stack should be needed to prevent gas flow from bypassing the structure. 
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Table 7.1 Properties of SC-SOFCs 
 Ref. [1] Ref. [2] Ref. [7] this study 
Anode NiO/CGO NiO/CGO NiO/CGO NiO/CGO 
Electrolyte CGO CGO CGO CGO 
Cathode CGO-LSCF CGO-LSCF CGO-BSCF LSCF 
Operation 
temp. [˚C] 625 - 675 600 625 600 
Gas ratio of 
methane to 
oxygen 
0.67 – 2.0 2.0 1.0 1.0 
Gas flow rate 
[lpm] 0.5 0.5 0.1 0.6 
Electrolyte 
porosity Dense Dense Porous Porous 
Max. Power 
density 
[mW/cm2] 
7.5 ~ 17 260 7 9.7 
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7.2 Discussion 
 
Fabrication of the wavy triple-layer structure via co-sintering 
 
The curvature evolution of a planar triple-layer structure for wavy 
dimension during a co-sintering process was demonstrated in Chapter 6. In 
order to fabricate a wavy triple-layer structure, the temperature was firstly 
increased to 80°C, which was then maintained for 1 hour to utilise the material’s 
flexibility to form a wavy shape during debinding. As the softening of the binder 
increased assembling force at the interfaces of the structure, there was no 
delamination during this process [8-11]. The pre-shaped wavy structure has 
retained its shape till the completion of the co-sintering process, since the zero-
deflection condition suggested in previously chapter has been applied.  
 
Influential factors for the determination of the OCV 
 
The OCV of SC-SOFCs is subject to many experimental conditions, 
such as used materials, fuel to oxygen ratio, total flow, microstructure and 
operating temperature for partial oxidation of methane [12, 13]. The authors of 
the quoted references concluded that the geometry configurations led to very 
different performance parameters of the cells (OCV and power density) as a 
function of fuel to oxygen ratio and total flow, most likely because they produce 
different gas compositions at the electrodes. The conclusion supports our OCV 
differences. In their study, the demonstrated OCV showed a range of output 
from 0.35V to 0.75V as the gas flow rate changes. Besides, the cell orientation 
to the gas flow (either parallel or perpendicular) influences the local gas flow 
within the cell, and that influences the OCV as well; which was attributed to 
different oxygen partial pressure and turbulence that increases mixing of the 
gases on both sides of the cell. Likewise, the gas flow condition on the wavy 
cell is different from that of the planar cell, contributing to the variable OCV 
even tested under the same gas flow condition. It has been stated that the OCV 
difference is subjected to the permeability of porous electrolyte which gases 
diffuse through during operation, so that lower oxygen partial pressure from 
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oxygen consumption at the cathode side leads to a decrease in the OCV [14]. 
Given the reason, a porous electrolyte layer allows local gas flow changes that 
may result the changes in OCV as the flow and the reverse flow of mixture 
(product gases and reactants) are allowed between the two electrodes 
throughout the electrolyte layer; as this varies the local oxygen partial pressure. 
After completing electrochemical reaction on the wavy cell, different partial 
pressure of each H2 and O2 will lead to development of variable flow rates 
depend on the locations, followed by variation of gas residual time to electrodes. 
Since the OCV is defined as the ratio of partial pressure of oxygen at the 
cathode to that at the anode, OCV is therefore decreased due to reduced 
oxygen partial pressure on the cathode side [15, 16]. Also, the locally variable 
flow rate will incline to a development locally variable fuel to oxygen ratios, 
contributing to the different level of OCV. Furthermore, the exothermic reaction 
on the anode gave rise to temperature increment of anode that will accelerate 
the level of variation to fuel flow rates and to gas mixing ratios throughout the 
cell. These variable factors are brought up as the gas mixture flow rate changes 
to turbulence from laminate flow. Therefore, these behaviours and local 
condition accelerate turbulence flow affecting electrochemical reaction on the 
wavy cell, compared to the planar cell.    
In addition, it is noticed that the OCV of SC-SOFCs particularly depends 
on the microstructure [13]. During the co-sintering process, sintering induced 
stresses are maximised at the interfaces [2, 17,18]. Such stresses are elevated 
even to a higher level in the wavy cells than in the planar cells, due to the 
geometry, hence higher level of influence to the wavy cell microstructure, so the 
OCV differences can be further explained. With the advantage of turbulence 
flow, this causes improved mass and diffusional transport, result in the increase 
of the fuel utilisation in the wavy cell. Also, changing the arrangement of the 
connecting particles within the porous media during the co-sintering process 
could provide different flow resistance. In summary, the wavy cell’s higher OCV 
over the planar cell’s OCV is explained due to the possible changes of local fuel 
to oxygen ratios, local flow rate, and microstructure on the interfaces. 
Furthermore, enlarged cell area with wavy shape leaded different 
temperature gradient and locally mixture ratio along the cell length, contributing 
to cathode activity towards methane oxidation and heat contribution. 
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Experimentally, the area of current collector mesh covered on the electrodes of 
planar cell was significantly larger than that of the wavy cell, so it decreased the 
effective electrochemical reaction area. 
 
Porous electrolyte 
 
As SC-SOFCs are fundamentally operated based on the different 
catalytic selectivity of the anode and the cathode layers in a gas mixture 
condition, each layer should be active only for electrochemical reaction in 
various gas compositions. Ideally, the anode layer should be more active for 
partial oxidation of methane gas and electro-catalytic reaction with hydrogen, 
while the cathode layer should be active for electro-catalytic reaction with 
oxygen. During this process, gas compositions in a SC-SOFC with a porous 
electrolyte structure may cause unstable electrochemical reactions at both 
sides. Sun et al. [19] demonstrated that a cell with a dense electrolyte layer 
showed higher performance than one with a porous electrolyte layer under the 
same conditions. This was attributed to unstable gas compositions resulting 
from the gas diffusion of hydrogen and carbon monoxide, which were 
transported from the anode to the cathode through the porous electrolyte, after 
the partial oxidation of methane gas in the presence of the Ni catalyst. 
 
Reduction of NiO 
 
Prior to the cell test, a NiO reduction process should be carried out to 
activate catalytic reaction in the anode layer. In the case of a conventional 
SOFC, the reduction process is achieved under the mixture of hydrogen and 
nitrogen [20, 21]. As the whole structure is exposed to the same atmosphere in 
SC-SOFC, the cathode layer can be affected by the reducing gas, resulting in 
degradation of the cell. Alternatively, the mixture of methane and nitrogen could 
be applied for reduction of NiO in SC-SOFCs [22, 23]. However, during the 
process with use of methane, carbon deposition from methane cracking may 
occur in the anode layer, contributing to degradation of the cell. As the sintering 
temperature for the wavy SC-SOFC was lower than the point for dense 
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structure, the structure had porous layers with low stiffness. It was shown that 
the strength of the cell could be vulnerable to additional stress leading to cracks 
propagating through the structure. To eliminate negative effects during the 
reduction process, Rembelski et al. [24] suggested a two-step reduction 
process. By changing the gas condition before carbon deposition occurs, the 
NiO reduction process can be completed without the aforementioned issues. 
Volume shrinkage of the anode layer during NiO reduction is one of the 
negative effects and relates to cell performance and mechanical stability. It is 
known that a circa 40% volume reduction occurs during the process from NiO 
to Ni particles in the anode layer. This may induce extra curvature evolution and 
local tensile stress to the electrolyte and cathode layers, leading to cracking in 
the structure [25]. In addition, the rearrangement of Ni particles may cause 
microstructural damage of the anode layer, contributing to the degradation of 
the cell [26, 27].  
In the reduction process of a wavy triple-layer structure without a current 
collector grid, partial cracking was occasionally identified due to low stiffness 
induced by volume shrinkage of the anode layer. In the case where the current 
collector was coated on both sides of the structure, cracking did not occur 
during the reduction process. The grid of the current collector may lead to 
increased mechanical strength of the structure.         
 
Thickness of the anode and cathode layers 
 
In order to meet the requirement for a zero-deflection condition during 
the co-sintering process, a thin anode layer was applied in the fabrication of the 
wavy SC-SOFC. It is known that the thickness of the anode layer plays a 
significant role for cell stability under the gas mixture condition, and several 
hundred micrometres should be required to maintain a reasonably stable 
condition [28]. This is because a thin anode layer is very sensitive to the 
presence of oxygen under a single chamber condition. In the condition, the thin 
anode layer can be easily reoxidised with significant microstructure damage 
contributing to irreversible cell degradation. In the case of the cathode layer, a 
relatively thicker cathode layer was applied for the wavy SC-SOFC. It is noted 
Chapter 7 Fabrication of a Wavy type Porous Triple-layer SC-SOFC 
Loughborough University 152 
 
that an increase in cathode thickness causes a rapid decrease of cell 
performance resulting from the increase of the cathode ohmic resistance, the 
temperature drop at the cathode side from endothermic reaction and an 
increase in the difficulty of gas diffusion contributing to mass transport losses. 
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7.3 Summary 
 
The structure investigated using a planar triple-structure for zero-
deflection condition was applied to fabricate a wavy shape structure during co-
sintering. At 80°C, a planar structure laid on supporting rods could be deformed 
into a wavy structure due to binder softening leading to structural flexibility. 
During the co-sintering of the wavy triple-layer structure, curvature behaviour 
was similar to that of the planar structure. Through in-situ monitoring, the final 
shape of the structure was validated to conform to a wavy shape at 1200°C. 
After finishing the whole fabrication process, the structure maintained its initial 
wavy shape, having curved slightly towards the anode layer due to different 
thermal expansion coefficients between layers. SEM images showed that the 
sintered wavy structure had three porous layers and each was well adjoined 
throughout the two interfaces.  
During the reduction process of the wavy SC-SOFC, the grid of the 
current collector helps the structure to enhance mechanical strength against 
volume shrinkage. In the performance comparison between wavy and planar 
structures, it was shown that the power density of the wavy structure was 
higher than that of the planar structure. This was attributed to an increase of the 
effective electrochemical reaction sites from the curved dimension for a given 
chamber diameter. The ratio of materials in the wavy triple-layer structure 
should be modified to increase cell performance and stability. The use of a flow 
through design necessitating electrolyte porosity, in combination with a thin 
anode layer and a thick cathode layer, has enforced penalties such as 
accelerated irreversible degradation, and a low probability of the useful 
electrochemical reactions under a mixed gas environment. Given these 
drawbacks, it is suggested that an anode supported wavy type SC-SOFC would 
enhance microstructural stability under redox conditions, and mitigate 
irreversible degradation of the cell.      
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Chapter 8  
Conclusions and Future Works 
 
 
8.1 Wavy type porous SC-SOFC 
 
It has been suggested that a wavy type SC-SOFC can cope with the 
performance and stability issues, as the cell will naturally form increased 
effective electrochemical reaction area in order to enhance its overall efficiency. 
The advantages of the wavy cell are: mechanical robustness derived from the 
shape which can absorb a level of shock, and (ii) improvement of the active cell 
area contributing to higher performance, compared with planar type SC-SOFCs 
under the same operation condition. Furthermore, as the cell design is of a 
porous structure with the gases flowing through, the cell has more potential 
reaction sites for a given projected area. 
The study of the fabrication of a wavy SC-SOFC was investigated via 
curvature monitoring of bi-layer and triple-layer structures during the co-
sintering process. The in-situ monitoring allowed the researcher to discern 
remarkable differences of the curvature evolution in the response to 
dimensional conditions such as thicknesses and thickness ratios. The curvature 
evolution of the structures was significantly influenced by the in-plane stresses 
derived from the shrinkage behaviour of each component, indicating different 
densification mechanisms during the co-sintering of the multilayer structure. As 
the in-plane stress in the interface of electrolyte and cathode layer was much 
higher than that of anode and electrolyte layer, the dimensional condition of 
electrolyte and cathode layer was a dominant function to decide the final 
curvature of the triple-layer structure during co-sintering. In order to form a 
wavy shape from the planar structure, a zero-deflection condition was chosen 
at the final sintering temperature. The planar triple-layer structure on the 
supporting rods could be changed into a wavy shape during debinding process, 
and the curvature evolution of wavy structure during co-sintering was consistent 
Chapter 8 Conclusions and Future Works 
Loughborough University 158 
 
with a zero-deflection structure at final temperature. The dimensional condition 
for the zero-deflection structure was successfully applied to the fabrication of a 
wavy SC-SOFC and the performance was compared to the planar SC-SOFC 
under the condition of the same diameter chamber. The conclusions obtained 
are further elaborated in the succeeding sub chapters. 
 
1) Sintering behaviour of a tape-casting layer 
 
For the development of a wavy SC-SOFC operating at 600°C, materials 
were selected as NiO/CGO for anode, CGO for electrolyte and LSCF for 
cathode. Free and vertical sintering processes of each tape-casted material 
were carried out up to 1200°C with in-situ shrinkage measurement. The results 
showed that the shrinkage behaviour of the structure in the vertical sintering 
was significantly reduced compared to the free sintering, and this was due to 
the effect of the materials’ own weight/gravitational force. The cathode with 
coarse particles helped to retard the sintering process, so as to balance the 
final density of each material. The density range of 61%TD ~ 64%TD was 
calculated as a final density of each material by the shrinkage analysis of free 
sintering and this was in good agreement with the results of the SEM analysis 
and the Archimedes method. Uniaxial viscosities were measured by a 
difference in shrinkage rate between free and vertical sintering in order to 
investigate the sintering behaviour of each material during the densification 
process. The viscosity of the CGO layer at a specific density was measured to 
be slightly higher than that of the NiO/CGO layer, resulting from the fact that 
NiO particles inhibited the sintering process of the CGO particles during 
sintering. As the cathode material with coarse particles had lower sinterability 
than the material with smaller particles at the same temperature, the viscosity of 
the cathode material with coarse particles was shown to be lower than that of 
the anode and electrolyte layers at the same temperature.   
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2) In-situ monitoring of curvature evolution during co-sintering 
 
The curvature evolution of bi- and triple-layer structures was investigated 
as functions of total thickness and thickness ratios by in-situ monitoring during 
co-sintering. The difference in uniaxial viscosity of the constituent layers, as 
well as the stiffness of the overall structure, acted as the main factors for 
influencing curvature evolution of the structure. The curvature patterns of the bi-
layer structures with the same thickness ratio were slightly different as 
compared to Cai’s model, and the results showed the curvature behaviour of 
the thicker bi-layer structure had shifted to a higher temperature. This was 
attributed to different shrinkage behaviour of each layer in the thicker structures, 
as well as an increase in stiffness against curvature evolution. In the condition 
of same total thickness with different thickness ratios, it was observed that the 
shrinkage of the thinner layer played a significant role in deciding the curvature 
evolution of the structures. Similar trends were noted in curvature monitoring of 
the triple-layer structures, but the interactions occurring between layers was of 
greater complexity, resulting in curvature evolution during co-sintering. The 
electrolyte layer in particular was influenced by the shrinkage behaviour of the 
anode and cathode layers at the same time during co-sintering. In the cases 
without severe curvature evolution, the curvature evolution of the triple-layer 
structure could be feasibly predicted based on bi-layer curvature patterns, 
showing good agreement between the prediction and the experimental 
observation. In order to detect the presence of third phase formations during 
the co-sintering process, XRD analysis was performed and confirmed that there 
was no third phase material during co-sintering.         
 
3) Discrepancy between theoretical and experimental curvature rate 
 
 The theoretical model used for curvature predictions of bi-layer 
structures was a function of thickness ratio, viscosity ratio, and strain rate 
difference. As discussed in Chapter 5, the difference of strain rate between 
layers in the structure acted as a critical factor to differentiate curvature 
behaviours. This result implies that the balance of strain rate in materials leads 
to reduce undesired curvature behaviours of a multi-layer structure during co-
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sintering. Therefore, the properties of materials which have different sintering 
behaviours at the same temperature should be modified by adjusting initial 
particle size and green density. In case of a thin layer leading severe curvature 
developments of bi-layer structures, strain rate should be reduced by the use of 
large particle size or high initial density to maintain the same thickness. 
Thereby, the effect of a thin layer during the co-sintering of bi-layer structures 
can be mitigated for elimination of undesired curvatures. As proven through 
experimental observations, the use of thicker layer helps to reduce mismatched 
stresses at the interface, leading to decrease curvatures during co-sintering. 
 Although the trend of curvature rate between theoretical and 
experimental research was similar, there were some discrepancies. It was 
attributed to factors such as residual stress, especially for the thin layer, the 
effect of gravity, and stiffness. These factors were not considered in the 
theoretical model. These should be further investigated to validate the use of 
theoretical model for the prediction of curvature evolution during co-sintering.    
 
4) Fabrication and evaluation of a wavy SC-SOFC 
 
The study has investigated the fabrication process of a higher output 
wavy type SC-SOFCs, using a triple layer structure, based on a careful study of 
the co-sintering fabrication process. The performance of these fuel cells has 
been compared with that of a planar SC-SOFC. The different shrinkage 
behaviour between layers during co-sintering results in curvature evolution in 
the multi-layer structure. This evolution was monitored experimentally using an 
optical method. This in-situ monitoring of curvature evolution of bi-layer 
structures enabled the authors to predict the curvature of a triple-layer structure 
during co-sintering with the aim of fabricating zero-deflection structure and this 
was verified by experimental results. Utilising the outcome from the optical 
observation study, wavy and planar SC-SOFCs are fabricated via single and 
co-sintering process. As far as the authors are aware the work presented here 
is the only successful demonstration of fabricating a wavy SC-SOFC via a 
single sintering process. During the co-sintering process, it was shown that the 
wavy type SC-SOFC was well-fabricated without severe warping after the co-
Chapter 8 Conclusions and Future Works 
Loughborough University 161 
 
sintering process. In addition, this study successfully addresses the prediction 
of the macro-scale response of wavy cells and shows curvature prediction of a 
triple-layer structure is feasible based on the bi-layer curvature results. In the 
comparison for performance, the OCV and maximum power density of the wavy 
SC-SOFC were 0.39V and 9.7 mW cm-2 at 600°C, 2.6 times higher OCV and 
5.4 times higher maximum power density than the planar SC-SOFC. The wavy 
dimension influences the increase of the effective cell area in the unit diameter, 
and enhances the effective gas diffusion paths that both are contributing to 
higher performance over the planar type cell. It is believed that the higher 
output is also attributed by the different microstructure of components caused 
by the induced stress during co-sintering. The higher output of wavy SC-SOFC 
over planar SC-SOFCs is well agreed with literature results reported, and the 
comparison of performance shows that curvature of SC-SOFC can significantly 
influence the output, and so it is expected that different curvature, probably with 
an even higher effective cell area for a given projected area, may deliver even 
higher output over the samples used in this study.  
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8.2 Recommendations for Future Work 
 
The curvature evolution of the bi- and triple-layer structures during co-
sintering was investigated by in-situ monitoring and by comparison to the 
theoretical model. A clear difference was observed and these results were 
utilised to suggest a fabrication method for a wavy SC-SOFC. It would be 
interesting to apply this technique to investigate novel designs of SOFCs with a 
curved shape and curvature evolution derived from differences in thermal 
behaviour between layers of the cell. There are issues to be investigated further, 
as below. 
 
Prediction of curvature evolutions 
 
Each factor in the theoretical model should be modified to match 
curvature observations measured experimentally. When mismatched stresses 
occur at the interfaces of a multi-layer structure during co-sintering, it should be 
considered how each factor was affected and changed by the stresses. In 
addition, the effect of stiffness and gravity that is contributing to curvature 
evolution during co-sintering should be reflected in the model.  
 
Properties of fabricated wavy structures 
 
Although in-situ monitoring of macro-scale deformation is available for 
deciding the final curvature shape, micro-scale structural analysis during co-
sintering is not clearly investigated in this study. After the co-sintering of the 
wavy type SC-SOFCs, the characteristics of the structures should be closely 
examined. As the structures are fully porous, the condition of pores is very 
important resulting from the status of particles during sintering, thereby 
influencing the gas flow path and mechanical strength and contributing to 
electrochemical reactions of the cell. An interesting progression of research 
would be an extension of the study on gas flow behaviour at the curved surface 
for increasing electrochemical activity, which would have practical implications 
on the novel design of curved SOFCs. 
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Advanced test rig for validation of the cell performance 
 
The performance comparison between the planar and wavy cell should 
be investigated in the condition with advanced test rig. As mentioned previously, 
the chamber size may have been larger than ideal, giving rise to the situation 
where mixture gases might not fully participate in the electrochemical reaction 
through the cells. To increase fuel utilisation during operation, it is necessary to 
match the chamber cross section closely to the cell planar size. Alternatively, 
the development of cell housing should be undertaken to fix the cell with gas 
inlet line. As the fabrication process of the wavy cell was initially aimed for the 
use of flow-through type stacks, the development of bespoke wavy cell housing 
(along with matching interconnectors) should be investigated further. 
 
 
